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Heat Engines, Entropy and the Second Law of
Thermodynamics
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THE SECOND LAW OF THERMODYNAMICS
(o Pal\S\ > (U wase SN (@) uas
oSecond Law of Thermodynamics establishes the
processes which do and which do not occur T w2

S S o L

oThis directionality 1s governed ﬁ;ﬁlé— second law.

oThese types of processes are irreversible.
S ot

o An irreversible process is one that occurs naturally in one
direction only. ols [ v~ M — S5 o=

* No irreversible process has been observed to run ~
backwards. \/.p , «niss oL Tass LY e s sule! ola¥
oAn important engineering implication is the limited

efficiency of heat engines.
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DEFINITIONS

» The heat exchange between the system and the
hot reservoir (High temperature) is | Q]|
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= The heat exchange between the system and the
cold reservoir (Low temperature) is |Q; |

» The work exchange between the system
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surroundings is

—

and
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HEAT ENGINE ¢~ =%

o If Q, 1s larger than le:l and If |W| : High .
done by the system, then the WIQ | s
H

machine that cause the system to o L
undergo the cycle called a heat

engine.
oA heat engine is a device that takes
1n energy by heat and, operating in a 'Q'i‘
cyclic process, expels a fraction of that J}w
energy by means of work. (emperature,
h

oA heat engine carries some working
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substance through a cyclical process.
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HEAT ENGINE, CONT. (06 —z0
oSince 1t 1s a cyclical process, AE. ., =0 SR
o Its initial and final internal energies are the same.
oTherefore, W, , = Q.= 1Qul - 1Q,|
oThe net work done by a heat engine equals the
net energy transferred to it.
oSS (eI
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THERMAL EFFICIENCY OF A HEAT ENGINE
e

oThermal efficiency is defined as the ratio of the
net work done by the engine during one cycle to the

energy input at the higher temperature. AR
=W - Qe
oW | Q-] |y _Rf| o TE e

QT Rl [ Rl T
307 =(o0& > L

oWe can think of the efficiency as the ratio of what
you gain to what you give.

oln practice, all heat engines expel only a fraction
of the input energy by mechanical work.

oTherefore, their efficiency i1s always less than
100%.

e To have e = 100%, @, must be 0

e- oo/ <N R thet 2= ‘
O = Qe a3




PERFECT HEAT ENGINE An impossible heat engine
SMNGpN S sl = (<

oNo energy 1s expelled to ot rescmoin

the cold reservoir. at T),

olt takes 1n some amount
of energy and does an
equal amount of work.

oe = 100%
olt 1s impossible to
construct such an engine.
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SECOND LAW: KELVIN-PLANCK FORM

olt 1s impossible to construct a heat engine that,
operating in a cycle, produces no effect other than
the input of energy by heat from a reservoir and
the performance of an equal amount of work.

* W,,, can never be equal to | Q| L QO F \‘\/]
* Means that Q. cannot equal 0 Qc £6

o Some energy | Qc| must be expelled to the environment
» Means that@)cannot equal 100% 2 O sty
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e = W - = 0.
EXAMPLE N QR W

An engine transfers 2.00 x 10° ] of energy from a hot reservoir during a cycle and

transfers 1.50 x 10° | as exhaust to a cold reservoir. ":L o mst
= (A) Find the efficiency of the engine.
W
B Q] _, 150x10°] ' 3
= - 1 o Tl 0.250, or 25.0% L (O - 1548
-

= (B) How much work does this engine do in one cycle?

W] = |Qul —1Q.] =2.00X10%] — 1.50 X 102] = 5.0 X 102]




TYPE OF HEAT ENGINE

Steam Engine

External Combustion
Engine

Stirling Engine

- Gasoline Engine
Internal Combustion

L

Engine
Diesel Engine

Types of Heat engines
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(GASOLINE ENGINE

oln a gasoline engine, six processes occur during _
each cycle. — WE &€ @OWP Dus o sxJds &

oFor a given cycle, the piston moves up and ]

down twice.
| <

—}

£

oThis represents a four-stroke cgcle.

oThe processes 1n the cycle can be approximated
by the Otto cycle.
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THE CONVENTIONAL GASOLINE ENGINE

The intake valve

opens, and the air- .

fuel mixture enters The piston moves The spark plug The exhaust valve The piston moves

as the piston moves up and compresses fires and ignites The hot gas pushes opens, and the up and pushes the
down. the mixture. the mixture. the piston downward. residual gas escapes. remaining gas out.

1 /// 7 Exhaust

Intake

Release Exhaust

a




ProcessOto 1
Isobanc process

Process 1to 2
Adiabatic Compression

Process 2to 3
Isochonc process

x Process 3to 4
, Adiabatic Expansion

Process 4101
Isochoric process

Process 110 0
£ Isobaric process




OTTO CYCLE

oThe PV diagram of an
Otto cycle 1s shown at
right.

oThe Otto cycle
approximates the
processes occurring in an
internal combustion
engine.




(GASOLINE ENGINE — INTAKE STROKE

The intake valve

oDuring the intake stroke, g and s e
. fuel mixture enters
the piston moves downward.

as the piston moves

oA gaseous mixture of air down.
and fuel 1s drawn into the
cylinder.

oEnergy enters the system
by matter transfer as
potential energy in the fuel.

Piston

oThe volume 1ncreases from

V,toV,

00 — A in the Otto cycle PV
diagram.

Intake




Ty \Tg
C Adiabatic
GASOLINE ENGINE — COMPRESSION STROKE processes
oThe piston moves upward. ISZE:ZE;?J;ZS
oThe air-fuel mixture is the mixture.

compressed adiabatically.
oThe volume changes from
V;toV,

oThe temperature increases.

oThe work done on the gas is
positive and equal to the. dev
negative area under the

curve.

0A — B 1in the Otto cycle PV
diagram.

Compression




(GASOLINE ENGINE — SPARK

The spark plug
fires and ignites
the mixture.

oCombustion occurs when the
spark plug fires.

Ty \Tg

C Adiabatic
processes

olt occurs very quickly whi €
@ton 1s at its highest position.

oThe combustion represents a
rapid energy transformation

from potential energy to internal
energyab's=@ 279 < S P3E Qy
oThe temperature changes from
Ty to Ty but the volume

remains approximately the

same.

oB — Cin the Otto cycle PV

diagram.




(GASOLINE ENGINE — POWER STROKE

The hot gas pushes
oln the power stroke, the ¢ jiscon downward.

gas expands adiabatically.

oVolume changes from V, 8 , [&
to V; (} G sl sAE I_—\

oThe temperature drops -
from T, to Ty T \_NW
oWork is done by the gas

oC — D in the Otto cycle
PV diagram

Ty \Tg

C Adiabatic
processes

A




(GASOLINE ENGINE — VALVE OPENS

oThis 1s process D — A 1n the The exhaust valve
Otto cycle PV diagram opens, and the
oAn exhaust valve opens as the residual gas escapes.

piston reaches its bottom | .
position.\f.2 SV #2F Jo~

oThe pressure drops suddenly.

oThe volume 1s approximately
constant. W, [~

g

e So no work 1s done

oEnergy is expelled from the
interior of the cylinder.

o It continues to be expelled
during the next process.

Release

Ty \Tg

C Adiabatic
processes




(GASOLINE ENGINE — EXHAUST STROKE

oln the exhaust stroke, the
piston moves upward while
the exhaust valve remains
open.

oResidual gases are
expelled to the atmosphere

oThe volume decreases
from V, to V,

0A — O in the Otto cycle
PV diagram

oThe cycle then repeats

The piston moves
up and pushes the
remaining gas out.

Exhaust
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OTTO CYCLE EFFICIENCY, CONT

olf the air-fuel mixture is assumed to be an 1deal gas,
then the efficiency of the Otto cycle 1s

1 - |-
e=1- €= -1
y-1 \Y)
(ViV2) %Y
oy 1s the ratio of the molar specific heats.
oV, /V, 1s called the compression ratio. J,
KUR S
yuﬁj = s
Vs
o0 ) /
\ 1 ‘ (;
C = \ — T.d-t - - oYy




OTTO CYCLE EFFICIENCY, CONT

oTypical values:
» Compression ratio of 8 R

e y=14 D2
.Ee::56% /\/v

oEfficiencies of real engines are 15% to 20%

e ——

» Mainly due to friction, energy transfer by conduction,
_incomplete combugtion of the air-fuel mixture J:\

/ \ e
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HEAT PUMPS AND REFRIGERATQRS o“' "

Qv

 This is not a natural direction of energy transfer. <\

: : > W
oHeat engines can run in reverse.

 Must put some energy into a device to do this

» Devices that do this are called heat pumps or
refrigerators

oExamples oW

» A refrigerator is a common type of heat pump.

* An air conditioner is another example of a heat
pump. ==




HEAT PUMP PROCESS
S\ G5 @)t CadstenS

oEnergy is extracted from the

cold reservoir, |Q. |

oEnergy is transferred to the
hot reservoir | @, |, work must
be done on the engine, W

Energy |Q,|

is expelled b Q,

to the hot
reservolr.

Energy 1Q |
is drawn
from the
cold

reservolr.

—_——

R TP
Work Wis done on
the heat pump.

) 4

Hot reservoir
at Th

r—] <

I

Cold reservoir
at T,
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PERFECT HE AT PUMP An impossible heat pump

oTakes energy from the Hot feS;rvoir
cold reservoir at Ly
oExpels an equal amount 10D %
of energy to the hot

reservoir
oNo work 1s done

oThis 1s an 1mpossible 1 o
heat pump b o Ze .
W = 0 = Cold reservoir
Qn: Qo Pefe o at 1,
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SECOND LAW — CLAUSIUS FORM

olt 1s 1impossible to construct a cyclical machine

whose sole effect 1s to transfer energy continuously

by heat from one object to another object at a

higher temperature without the input of energy by

work. Wﬁoﬁ;&‘bldﬂmw aJ) ‘\_:_:_,t(_.}:a:_.‘u.'r'
M,!P)O’/.U oI\ S PVUE | cwaan PAY

oOr — energy does not transfer spontaneously by

heat from a cold object to a hot object.

J"V,((é\ 3,(3 / u’(_')Cns:i Ja—-— olan JLii s
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COEFFICIENT OF PERFORMANCE

oThe effectiveness of a heat pump 1s described by a

number called the coefficient of performance
(COP).

oSimilar to thermal efficiency for a heat engine

» It is the ratio of what you gain (energy transferred to
or from a reservoir) to what you give (work input).

Qo' yedt s s W1 G 2t
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COP, CooLiNnG Mope %

oln cooling mode, you “gain” energy removed

from a cold temperature reservoir. >/ d(d S WV-;_':""
ol

energy transferred at low temp \QC\ 532455

work done on the pump W

oA good refrigerator should have a high COP.

» Typical values are 5 or 6.

COP =




Y

.
'4

COP, HEATING MODE

oln heating mode, the COP is the ratio of the heat
transferred in to the work required.

energy transferred at hightemp |Q,
work done by heat pump W

COP =

0@, 1s typically higher than W
"< Values of COP are generally about 4

o For outside temperature about 25° F

oThe use of heat pumps that extract energy from the air
is most satisfactory in moderate climates.

o Ry ®




CoP::&::_; QH-C\?\_:W

W QL ::QH"W
EXAMPLE 5 = R W Swz= Q_\J

W 6w =Qn

If the coefficient of performance of a refrigerator is 5 find the ratio of the heat rejected to
the work done on the refrigerant.

QL
COP — 5 an Qp =0Qpy
Qu—-W _
7 =5
@=6 = Qu = 6W
W




REVERSIBLE AND IRREVERSIBLE PROCESSES a

oA reversible process is one in which every poi\ry’/
along some path i1s an equilibrium state.

* And one for which the system can be returned to its

initial state along the same path. ‘a5, .. 3! (wt t-‘—"

’ L—L \'—)‘\' QA-L’ S‘
oAn 1rreversible process does not meet these

requirements. a1z J,,c AN B UF el =W s

« All natural processes are known to be irreversible.

» Reversible processes are an idealization, but some
real Qrocesses are good approximations.

./J - e\ s U Ao Pt S e
' ~—g




REVERSIBLE AND IRREVERSIBLE
PROCESSES, CONT

3% \,.,.H'UJJ @ sl L, u:&d"\—LE)n}ﬁ
oA real process that 1s a good approx1mat10n of a
reversible one will occur very slowly. \

» The system is always very nearly in an equilibrium
state. O Us Yales > ¢ N (avs il S B
oA general characteristic of a reversible process is
that there are no dissipative effects that convert
mechanical energy to internal energy present.

e No friction or turbulence, for example

Sl on Wc"”“"w M\MH

40> P S AN S dss




REVERSIBLE AND IRREVERSIBLE
PROCESSES, SUMMARY

oThe Le&e.ns;ible process 1S an The gas is compressed

1dealization. ~ e P SN oA\ slowly as individual

grains of sand drop
oAll real processes on Earth are onto the piston.

irreversible. _ it oS Go, 3,0 = W) 89S
oExample of an approximate
reversible process: \,—.n.ce g s dirs

o The gas is compressed

isothermally

» The gas is in contact with )
an energy reservoir

o Continually transfer just
enough energy to keep the
temperature constant

reservoir
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CARNOT ENGINE

oA theoretical engine developed by Sadi Carnot

oA heat engine operating in an ideal, reversible
cycle (now called a Carnot cycle) between two
reservolrs 1s the most efficient engine possible

» This sets an upperdimit on the efficiencies of all
other engines.




CARNOT’S THEOREM

IphAS P oslS LS\ PN O s I P s 22K
oNo real heat engine operating between two energy
reservoirs can be more efficient than a Carnot

Cm——

engine operating between the same two reservoirs.

» All real engines are less efficient than a Carnot

engine because they do not operate through a

reversible cycle. .,,}6 it WESSX LY oS g VY= U s
o The efficiency of a real engine 1s further reduced by

friction, energy losses through conduction, etc.

P A\l fLe
()b )

SOURCE
(M)
-

INSULATING PAD




2 ad i« C Q=0
2 Lsovnaeraeal T=o W =@

A—>B
The gas undergoes an
isothermal expansion.

CARNOT CYCLE

oQverview of the

processes in a JJ_ \J
Ca rnot CYCIe Energy reservoir at 7),

> = o
1‘ D— A B—>C

The gas undergoes The gas undergoes
an adiabatic an adiabatic
compression. expansion.

o=y
Q=0 Cycle Q=
K ™

| l |

Thermal insulation
C—>D
The gas undergoes
an isothermal
compression.

Energy reservoir at 7,

https://www.youtube.com/watch?v=s3N_Q
JVucF8




CARNOT CYCLE, A TO B

0A — B is an isothermal
‘expansion.

oThe gas i1s placed in contact

with the high temperature

reservoir, Tj

oThe gas absorbs heat @y .

oThe gas does work W in
raising the piston.

Q oy ’ Energy reservoir at 7),
-

A=>1
The gas undergoes an
isothermal expansion.

\ = ,_.(,.,\;'




CARNOT CYCLE, BTO C

oB — (C 1s anzadiabatic
expansion.

oThe base of the cylinder is

replaced by a thermally v LA o
nonconducting wall. Rl

oNo energy enters or leaves the

system by heat. Qzo

oThe temperature falls from 7',
to T, -

oThe gas does work Wx~

The gas undergoes

B—C

an adiabatic

expansion.

= -

Thermal insulation

b




CARNOT CYCLE, CTO D

oThe gas is placed in thermal
contact with the cold
servoir.

oC — D 1s an isethermal
compression.

oThe gas expels energy | @}

oWork W, 1s done on the gas.
—

W = &@c

C—D
The gas undergoes

an isothermal P N
compression. "

Energy reservoir at 7,




CARNOT CYCLE, D TO A

oD — A is an adiabatic
compression.

oThe base 1s replaced by a
thermally nonconducting wall.

* So no heat is exchanged 0_“6
with the surroundings.

D— A
The gas undergoes
an adiabatic
compression.

oThe temperature of the gas Q=0

increases from 7', to T,
= i

oThe work done on the gas is

WDA. Thermal insulation




CARNOT CYCLE, PV DIAGRAM

oThe work done by the engine is p
shown by the area enclosed by
the curve, W

eng.
oThe net work is equal to | @, |
- Q1.

oAE, . = 0 for the entire cycle

The work done

during the cycle
equals the area
enclosed by the path
on the PV diagram.




EFFICIENCY OF A CARNOT ENGINE

oCarnot showed that the efficiency of the engine
depends on the temperatures of the reservoirs.

Werg _,_1Q
ol \Qh\
oTemperatures must be in Kelvms

oAll Carnot engines operating between the same
two temperatures will have the same efficiency.

o/\.f\.;k"’> S e 23S (SR esCS

e= 1—




NOTES ABOUT CARNOT EFFICIENCY
oEfficiency 1s 0 1f Ty =T

oEfficiency is 100% only if T.=0K

» Such reservoirs are not available

» Efficiency i1s always less than 100%
oThe efficiency increases as T, 1s lowered and as Ty,
israised,}l sCaSy S s = 1 P AS) S -~

P ‘Y. o . ) ’:‘-2 ° \n E"‘ ' ‘ "’A‘ \IG k‘s
oln most practical cases, T, 1s near room
temperature, 300 K

* So generally T, is raised to increase efficiency.




CARNOT CYCLE IN REVERSE

oTheoretically, a Carnot-cycle heat engine can run
1n reverse.
e

o s S us)
oThis would constitute the most effective hez}:c
pump available.

oThis would determine the maximum possible
COPs for a given combination of hot and cold
reservoirs.




CARNOT HEAT PumMmP COPs
oIn heating mode: /

oIln cooling mode:

Q| T,
cor, & __T.
h

c

oln practice, the COP 1s limited to values below 10.
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EXAMPLE
5o

An ideal gas is taken through a Carnot cycle. The isothermal expansion occurs at
250°C, and the isothermal compression takes place at 50.0°C. The gas takes in 1200
J ot energy from the hot reservoir durmg the isothermal expansion. Find (a) the
energy expelled to the cold reservoir in each cycle and (b) the net W%I:/done by

the gas in each cycle. QL\
. W Qyp—-0. QL Te
= |sothermal expansion at T, = 523K e: = — =
- Qu Qu Qu Ty
= [sothermal compressionat T, = EK
Qp T i 323
d —_— = s = _— =
(b) W=0Qyz—0, — W = 1200 — 741 = 459]

Te 323 = 3 Y
QL = QH __C'-‘:-. - \2 O 525 :" 1'3'
(3

W = Qu -0 = Jzao—-’w’-*ll_—.—




Entropy

The

zeroth

law of thermodynamics involves the

concept of temperature” and the first law
involves the concept of__[nternal energy.

Ter

erature and internal energy are both state
variables; that Is, the value of each depends

only on the thermodynamic state of a system,
not on the process that brought it to that state.
Another state variable—this one related to the
second law of thermodynamics—}is entropy\

enwrgy e— ( Sttt Veruble ) "D s ‘

TempPevatur ¢




ENTROPY

oThe 1importance of entropy grew with the

S - Q. G
development of statistical mechanics._- ">~

oEntropy-is-a-natural-measure-of.the
disorder. 0oNT o) (e c—lakl

The 2" Law of Thermodynamics

In any spontaneous process there is always
an increase in the entropy of the universe.

S 93""3\ .‘_-( o,\v (_u.#-(e} L:-i\.> Q_:'L:.L:M 5-? ‘




Entropy, § s

— Evaporation
of liquid

Melting of solid

=

A PN

Temperature (K)




ENTROPY

Gases will spontaneously

= ( q = |
L [ State A | s

and uniformly mix because & :\ )
the mixed state has more _— -
possible arrangements (a B () W

larger value of macrostate {( D—r—Ao @

and higher entropy) than ~ g
the unmixed state. O () ®

Lnﬂu- , L NP EPr ~= \ : \

3 & DG ML G = o -

_ )a—‘ (e o g c»-i-ydl Mo e Y “
S r 02kt ol o 2285 D > ot = ylA:,(usM\
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S

Asuniv = ASS}E + A_;Ss&r

Change in Entropy of the universe
Water spontanegusly freezes at a temperature below

Entropy

0°C. Therefore, the process ingreases the entropy of the
universelll L5V 5Ll ool SAs (S axis |
A s =W .

» The water molecules become much more ordered as A\Ssurr
they freeze, and experience a decrease in entropy. The —
process also releases heat, and this heat warms : ) L0
gaseous malacules in ajr, and increases the entropy of /2
the surroundings. ASyni

= Since the process is spontaneous below (°C, AS, (1 >

must be in_magnity e water

molecules. 5o

Entropy can be viewed as the dispersal or
randomization of energy.




ENTROPY AND HEAT

oThe original formulation of entropy dealt with the
transfer of energy by heat in a reve e_process.

oLet d@,. be the amount of energy transferred by heat
when a system follows a reversible path.

oThe change in entropy, dS is £
o

As—jfdsz-jfde ‘ %

T @

.,/’l'*"—w‘l; wp-‘w.-'.,\( Joar Ny &S vl A

,) oThe change 1n entropy depends only on the endpoints
and 1s independent of the actual path followed.

oThe entropy change for an irreversible process can be

determined by calculating the change in entropy for a
reversible process that connects the same 1nitial and ‘

Tnal points.




System Stopcock closed
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(b) Final state [

free expansion

Iy 4

Pressure

Entropy change of an irreversible
. process can be found with a

“ reversible one connecting the

2 Initial and final states.

—Insulation

—Lead shot

=
“\\\\\: o
2~

A\
It

M

‘i"H_?‘

A

Thermal reservoir

Conirol knob

() Initial state 7

Reversible
process

e =

Volume

! "CT
an isothermal process




MORE ABOUT CHANGE IN ENTROPY

od@), 1s measured along a reversible path, even if the system may

have followed an irreversible path. AS = .::}I_I

oThe meaningful quantity is the change in entropy and not the 'f fad s

entropy itself. — C 38y CPAPLRCIZN
oFor a finite process, T is generally not constant during _process.

AS:de:Ldef b

a

oThe change in entropy of a system going from one_state to another
has the same value for all paths connecting the two states.
NWJ\) -4\/4‘ Laes __SL\ S ..a.._uz’AS U"‘“—D
Qif an irreversible process occurs in a closed system, the change in entropy AS of the
system always increases; it never decreases.

QUnit of AS is JJK, The change in entropy depends only on the endpoints and is
independent of the actual path followed.

. . > - . v -
NoN S Gt W, el 8




AS FOR A REVERSIBLE CYCLE

oAS = 0 for anv reversible cycle g b
a

oln general,

Cycle
f Fd
aszsf—ssfds:f f"' b}-‘fo
: ; bs = f o/Q —
a T
e This integral symbol indicates the integral is over a

closed path.




o When energy is absorbed by the system, d@r 1s
positive and the entropy of the system increases.

o When energy is expelled by the system, d@r 1s
negative and the entropy of the system decreases.

Surroundings Surroundings

Heat | &
_ ot
c
G (&,
X bs—
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A solid that has a latent heat of fusion L melts at a temperature T _. Calculate the change
in entropy of this substance when a mass m of the substance melts.

_[fde
AS—LT Q D
Solddd
f .
e B L - B

@=mdp

A Styrofoam cup holding 125 g of hot water at 100G cools to room temperature,
20.0°C. What is the change in entropy of the 100m'7 Neglect the specific heat of the
cup and any change in temperature of the room.

- 5O ouzsx WsceEE - Z
b = g‘r— 2“ Qraom — (mclﬂ'Tl )water o= MC b

mic |AT 0.125 kg4 186 J/kg -°C)(100 — 20)°C
AS — Qo _ ( | )water _ g( X ) — 143 I/K

T T 293 K —

'a':}.—ll S apoNl 3 P;.;’ul._:,ug,s.'..st




ENTROPY CHANGES IN NON-ISOLATED

SYSTEMS

!

oThe increase 1n entropy described in the second law

1s that of the syste

4) Svs f"

€O gur
oWhen a system and 1ts surroun

1ts surroundings.

DS

U.nc

Interact 1in an

1rreversible|process, the increase in entropy of one 1is
oreater than the decrease in entropy of the other.

seversiole —

By

DS Fo

oThe change in entropy of the Universe must be
oreater than zero for an irreversible process and
equal to zero for a reversible process.

DNs=o

|

vs S i

veversole

AS=06




ENTROPY CHANGES IN IRREVERSIBLE
PROCESSES
oTo calculate the change in entropy in a real

system, remember that entropy depends only on
the state of the system.

oDo not use @, the actual energy transfer in the »
process. - DS= :,.—0—

e Distinguish this from @,, the amount of energy that
would have been transferred by heat along a
reversible path.

e Q. 1s the correct value to use for AS.

o=k oslolt E:—/J AR P :.f o 32 o\ Q-r
:q__ﬁ‘ e = e:b\‘:ﬂ\ }é _C__’QCJ:\]:




20.3 Change in Entropy: Entropy is a State Function

Suppose that an ideal gas is taken through a reversible process, with the gas in an
equilibrium state at the end of each step.

For each small step, the energy transferred as heat to or from the gas is gQ, the work done
by the gas is gl4/ and the change in internal energy is g&;,,.
dE, =d®@ —dw

nG AT = d @- PdV
Since the process is reversible, dW= p dVand dE;,, =nC,, dT.
pPV=nRY a\/:_Dd Vx Y\Cv )

Therefore dQ =pdV + nCy dT. P net
] T

We have: dE,, =d0O — dW.

. . dO dV dT
Using ideal gas law, we obtain: 5 = nR— + nCy ——. d @ S (;(z\c;lv‘ +[ NC; dl

V T
_ f f f
Integrating, | tf? = J;:R% - JHC;, i{f yu F
Finally _ _ i o e Ds = “ff“-’f“F nCy ‘_j—,.r-
» AS =S8,—S,=nRIn > + nC . i :

I !
.

The change in entropy AS between the initial and final states of an ideal gas

depenas only on properties of the initial and final states; AS does not depend
on how the gas changes between the two states. NS=nf ﬂ %E + NG, ﬂ"_j‘é
(A

T
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AS IN THERMAL CONDUCTION — 4P
\

>7°

oThe cold reservoir absorbs energy @ and its |

entropy changes by Q/T. >V AS= O

S
e -‘-
[ =

oAt the same time, the hot reservoir loses @ and its

entropy changes by -Q/T), oL A
/

oSince 713 > T'., the increase 1n entropy in the cold

guEeEmmEES,  emm——

reservolr 1s greater than the decrease in entropy in

the hot reservorr. NS > A S
)IV- r ‘e

oTherefore, AS;;> 0 D S
» For the system and the Universe
2 3

A 2 L MLl es 50V




DS =+
(I

EXAMPLE

An irreversible engine operating between the temperatures of 350 K and 300 K
extracts 1200 | of heat from the hot reservoir and produces 450 | of work. How

much is the change in entropy in the process?

Tc Th

bs-Q:
0, = 1200/ T, =550/ T, = 300/ W = 4501

(L
T

750 1200—+0318 -
300 550 ___j_/-

+ Q, = 1200 - 450] = 750/ D
e
o

Nz @y - Oc o UL L\’
4SO = 1200 - D¢ As= DS, -
Qe = 1200- 456 = F36 Ds.- F52 | —150o_ 1208 637K




AS IN A FREE EXPANSION

oConsider an adiabatic free
expansion.

oThis process is irreversible
since the gas would not
spontaneously crowd into half
the volume after filling the

entire volume .

Q 0 but we need to flnd

oChoose an 1sotherma1,
reversible expansion in which
the gas pushes slowly against
the piston while energy enters
from a reservoir to keep T

constant.
dQ, 1 f
B '?I. dQ,

When the membrane
is ruptured, the gas
will expand freely and
irreversibly into the
full volume.

o2

3~ Insulating
wall

- Membrane

v @
ve




AS IN FREE EXPANSION, CONT
oFor an isothermal process, this becomes

AS =nr In\i

oSince V> V;, AS 1s positive

oThis 1indicates that both the entropy and the
disorder of the gas increase as a result of the
1irreversible adiabatic expansion .

AS:‘-VU/%(../_& W?;’
d- P




DS= nPh Ve + ng 2Tz
‘T-L.

Ve
EXAMPLE -

One kilogram of water at 0°C is heated to 100°C. Compute its change in entropy. V=%

AS:IZ)__.?. AS:SZ'SEE%Q bs = mc 4R

7,-
7;'7. dQ='mCdT / .
¢ - a3
a5,
gt T y 3£
DS = [medr A=me| —=mehn= Y S
-+ n 1 Iy Or S
T

373
AS = 1000 x 4,168 lnﬁ = 1308 //K

e
o/ .
e 7-[ ﬂ,&’ lwox%l(?.ﬂ"g———?'? ‘
(4 %3
= 1208 Yk




HEAT DEATH OF THE UNIVERSE

oUltimately, the entropy of the Universe should
reach a maximum value.

oAt this value, the Universe will be in a state of
uniform temperature and density.

oAll physical, chemical, and biological processes
will cpase, x 3 2750 <P 223 U e L u Gy
e The state of perfect disorder implies that no energy is
available for doing work.
o This state i1s called the heat death of the Universe. ‘




ENTROPY AND THE SECOND LAW

oEntropy 1s a measure-of-disorder.

oThe entropy of the Universe inereasesin-all'real
processes.

e This 1s another statement of the second law of
thermodynamics.

o It 1s equivalent to the Kelvin-Planck and Clausius
statements.
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