§ 3-1 Introduction:

* Reversible & Irreversible processes

* Degree of irreversibility

* Entropy “S” = a state function

* Reversible heat engine — Carnot cycle (Engine)
* Criterion for Equilibrium — Sy v=Smax

§ 3-2 Spontaneous (Natural) Process:

* Equilibrium state: rest state
Nonequilibrium state: spontaneous change to equilibrium
* Spontaneous process is irreversible
case 1: mixing of two gases
case 2: contact of two bodies at different temperature
* Isolated system: no mass and energy transfer with surrounding
1.e. constant U, V, m;
Closed system: no mass transfer, but energy transfer exists
.. constant mj
Open system: both mass and energy transfer
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§ Entropy and Degree of Irreversibility:

{(1) conversion of work to heat
(2) heat flow down a temperature gradient

O

[

Pprocesses:

(1) T2, W(weight fall), Q(heat produced)
(2) Q(heat flow), T —Q— T,

(3) T1, W(weight fall), Q(heat produced)
L [(DH2) = (3)]

process (3) is more irreversible than (1)

Q

compare (;] } process (1):

process (3):

o Ao

TS T .'.[QJ <[9J
T2 ) Tl 3)

wecall S @(gj

_(Q
and AS [Tj

../A\S is a measure of degree of irreversibility
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§ Reversible Processes:

* Irreversibility 1s zero and no degradation
* The process path passes through a continuum of equilibrium states

* It is an imaginary path
* Each step is under an infinitesimally small driving force

§ Example of Reversible & Irreversible Process:

Evaporation and Condensation of water
* Frictionless piston
Heat reservoir at T
Equilibrium: Pu2o(T) = Pex

Paxt

v

P

water vapor
at the pressure

P07

bt

Heat bath at the constant temperature 7
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Process 1: sudden finite change of /AP

(1) decrease pressure: (Pexi— /A\P)

spontaneous evaporation <—> heat absorbed, (Tw |)
assume: 1 mole H>O evaporated molar volume of H>O vapor V

.".work done by system: W=(Pexi— /AP)V

(2) increase pressure: (Pexi— AP)+ AP
spontaneous condensation <—> exothermic (Tw 1)

work done on system: Wo=—Pex + V

.".(1)+(2) permanent change in external agency: (/AP - V)

Process 2: infinitesimal change of pressure op—0
(Pext+0p) —Pext
then (0p - V)—0
{ Wi=(Pexi— 8p)V~Pexs

Wo=— (Pext+6p)V~ — Pext

.".no permanent change!
.".If the process is infinitely slow, then a complete reversibility is
approached
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§ Entropy and Reversible Heat:
1. Evaporation Only:
{ work done by system for irreversible process: W=(Pexi— /AAP)V

work done by system for reversible process: Wiev=Wmax=Pext + V
AU lndep. Of path { AUreV:Qrev - Wmax (RGV)
AUirreV:Q —W (Irrev)

Queg (degraded heat)=(Qrev — Q)=(Wmax— W) >0

§ Less heat is transferred to cylinder from reservoir during

irreversible process

* Reversible process:

AS reservoir — %

AS cylinder— Qe
T
S ASwo=/AS reservoir + /AS cylinder:O

* Irreversible process:

A Sreservoir: - %

Que . Q,Q,.,-Q_0
ASeyiinger= 2+ 20 =24 Y0 =9 _ Or
linder = F T T T T

S A\ Sto= Q;eg = Q'ev_l__ Q =/\Sir >0 (entropy produced)

S AScyIinderzg +/\Sir
=/\S tans. TAS produced
and (A S cylinder) reV:(A S cylinder) irr
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2. Condensation only:
{ work done on system for irreversible process: W=(Pext+/\P)V

work done on system for reversible process: Wiey=Wmin= Pext + V

S Qdeg=(W—Whnin)= —(Qrev—Q) >0

* Reversible condensation:

A Sreservoir: Q_liev

AN Scylinder: — Q_Iiev
/\Stor=0

* Irreversible condensation:

A Sreservoirzg

A Scylinder: - % + (%] = Qrev

T T

VAN N Q_Feg =/\Sir >0 (entropy produced)

/\ Scylinder:A S trans+A S produced
(AS cylinder) rev:(AS cylinder) irr

state A — state B (cylinder only)

/A\S=Sg—Sa= % = (% +AS;,, j =/\Strans T\ Sproduced

for reversible process: ASir (A Sproduced)=0
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§ Summary

1. Entropy of an isolated system increases, which system undergoes an
irreversible process. /\ S >0

2. Entropy is not created (/A\Sp,=0) for a reversible process. /\Sw=0,
/\Ssys=— /\Ssurrounding (Entropy transferred from one part to another)

3. Entropy is a state function. (/\Scyiinder)rev=(/\Scylinder)irr (System:
cylinder)

§ Reversible Isothermal Compression of one mole ideal gases

(Va, T)—>(Ve, T)  Ve<Va
dT=0, AU=0, .".Q=W

W = va PdV =RT ln[x—BJ W <0, work done “ON” system

A

§ Reversible Adiabatic Expansion of ideal gas

(Pa, Ta) _Rev , (Ps, Ts) Pa>Pg (Expansion)

Adiabatic: Q=0
(Reversible + Adiabatic): PV'=const Q=0
Equal Entropy (Isentropic)

(PA, TA) J.l:tﬁL,(PB, TB’)
Tg> >Ts ('."Heat produced by degradation after irreversible

adiabatic expansion remains in gas)
.".More irreversible =——> Tg’1 and Ug’?
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§ Properties of Heat Engines

Heat reservoir at high d2 Heat 41 Heat reservoir at low
temperature t5 > engine > | tempe rature’t;
. —
work, w

work done _w

Effici = —
n (Efficiency) heat input q,

* For a Carnot cycle process:[ two rev. isothermal
two rev. adiabatic
“any thermodynamic substance”

§ Carnot Engine is an ideal engine which has the maximum

efficiency

pressure ——>

C

|

|

b ¢
volume ——>

W=W+W;— W3 —Was=(area ABCD)
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Q=q2—qu
One cycle, AU=0, ."."W=Q=q—qi

nc=Efﬁciency=ﬂ 9% -4

4, >

(n’ >n) Greater efficiency “could be obtained” by two methods

(D) @’=q2, ifw>wm’>n)  ie (@2'— q’) >(@— q)

S < qu

Qw=w if @’'< q

S q@’=q— q thenqi’< qu

consider two engines combined together:

(1) ake g2'= g2 |

w=q'— q’=q@— qr

—W=—qt+ qi

d1
JAftw—w=(qi— q1’)>0

work (w’—w) >0 is obtained from (qi— qi") heat only from one

reservoir —p impossible !!

.".Preliminary statement of 2nd law:

Thomsen principle: it is impossible, by a cyclic process, to take heat from
heat from a reservoir and convert it to work, without transferring heat to
another cold reservoir
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(2) engine B w=q2’ —qr’ |

engine A —W=—Qqt qi

\Take W’=W|

Q@ —qr=+tq@—q

if . (@—q)=(q—q1’)=q>0

heat g= 1s transferred from (low t;) to (height t2) => impossible!!
Clausius principle: It is impossible to transfer heat from a cold to a hot
reservoir without converting a certain work to heat

§ Thermodynamic Temperature Scale

* All reversible Carnot cycles operating between the same upper and
lower temperature must have the same (maximum) efficiency, it is
“independent of working substance” and is

. d, —q, Q,

e =———=1-—=1'(t,,1,)

a, a 7

a function only of temperatures ti,t>
S e =2

2
* consider two Carnot cycles (ti,t2)+(t2,t3)=(t1,t3)

i: f(tlatz)
2

Lt
3

i: f(t17t3)

3

(&}{‘L}M:i: f(t,.t,)
q3 q2 f(t27t3) q2 v
“f(ti,t2)  indep. of 3

{ f(t1,t3)=F(t1)/F(t3)
f(t2,t3)=F(t2)/F(t3)
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Lo _F)
g9, F()
Kelvin: the simplest function!!
Define: F(t1)=Ti, F(t)=T:

L0 T
4 T

and 7, :qz_ql :Tz _Tl :1_T_1
a, Tz Tz

low temp(T1) has a limiting value absolute! not relative
zero temperature of cold reservoir T1=0, is n=100%
.".Kelvin Temperature scale = Ideal gas temperature scale
proof: one mole ideal gas, Carnot cycle

(1)A—B, Reversible, isothermal expansion at T

AU=0, Q=g, =w, =RT, ”{X—BJ

A
(2)B—C, Rev. adia. Expansion
Q=0, w, =-AU =~[ CvdT =Cv(T,-T,)
(3)C—D, Rev.isoth. Comp. at T;

AU=0, Q=q,=w, =RT, ln[\\j—Dj

C

(4)D—A, Rev. adia. Comp.

Q=0, w, =-AU =~ “CvdT =Cv(T, -T,)

Vv Vv
.. Total work ~ w=w, +w, +w, +w, =RT, ln(\/_BJ +RT, IH(V_DJ

A C

(1),(3) PaVa=PsVs, PcVc=PpVp
(2),(4) PVe'=PcV(c', PpVp'=PaVa?

cow=RT, I Yo |~ RT | Ye |- ReT, =T, )In| Ve
VA VD VA
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\/
R(T, —T,)In| -2
(T2 l) (VA] _I_2 _Tl

: . 770 = —_—= — — 1
T T
% RT, h{VBj ? 2
Vv

A

§ 2nd Law of Thermodynamics

-.-770 _ g, —q :Tz _Tl
a, T,
i:L je. O _
a, Tz Tz T1

* Any cycle be broken down into “many” Carnot cycles
-5 Ui Q
R Y R o YY)
272

§§ =0 cyclic integral

bods= e fgs f T

.".For loop ABA:
B A
fds =0=] dS+[ dS=(Ss=S,)+(S,~Ss)=0

.".2nd Law of Thermodynamics:

(1) Entropy function: S dS = _é?_rev
B
AS =S, -S, =JA5%EV

(2) Entropy of an lisolated system:[AS>0] < | ASyv>0
Equilibrium process: /ASu,v=0

Non-equilibrium process: /ASu,v>0

Entropy is increased!! or > dS; >0
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§ Maximum Work for reversible process
state A — state B
Up—Ua=Q—W
* Q and W can vary depending on path (degree of irreversibility)
0 dS = R +dS
T

system irr

Istlaw dU, =&, — W

LR =dUg +dw
dU,, +dw
dSsys =—+dsirr
T

L ow=TdS,, —dU,, ~Tds,,
..-dSirr> (0]

;L oW < (TdS,, —dU

sys)
A—B  w<T(S,-S,)-U,-U,)

1.€. WmaX:T(SB - SA) - (UB - UA) and dSirr:O

Reversible process (path) has maximum work.#
If heat is absorbed (transferred) during a process

Qrev > Q (irreversible)

See example 1 (Ex1):
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§ Criterion for Equilibrium

* spontaneous change
state 1 (non-equil.) _Irrev. , State 2 (equil.) of an isolated system

ASwi=(S2—S1)>0, S2>S

entropy ST <—> reaching equil.
At equilibrium  Suyv=Smax

* Consider a chemical reation:

>
Q
o
< equilibrium
(A + B) composition —> (C+D)
A+B =C+D
Isolated system: constant mass (M)
Internal energy (U)
Volume (V)

When SU,V= Smax
Equil. State has a fixed composition

(dS)uv=0 { >0, non-equil.

=0, equil
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§ Combined statement of 1st and 2nd Laws

1. lstlaw: dU=0Q — ow

2nd law: ds = %

for reversible mechanical work  Owrev=PdV

dU=TdS —PdV|

Application restrictions: (1)Reversible
(2)closed system (const. composition & mass)
(3)mechanical work only

In general reversible: dU=TdS —PdV —dw’+>  z,dn,

2. U=U(S,V)
du =[0_Uj ds+[a_uj av
as ), oV ),
(3] (3]
a5 ), v ),
3. S=S(U,V)

dsz(éj dm[ﬁj dv
ou ), oV ),

‘ds=Ldu+ gy
T 7

() -2
“lev ), T

4. dU=TdS—PdV

“(dS)uv=0 implies (dU)sv=0
for a constant S,V system:
at equil. Usv=Unmin

*  dU=TdS—PdV —oéw’

".ds =d—U+EdV +l ow’
T T T

dSuv=0, ..6w =0

S.dUsyv=—0w’ =0
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.".dUsv] and at equil. Usy=Umin
ow’ can be chemical work or electric work

S = Zﬂidni = z(g—:j dn,
I i /nj,sVv

§ Ex1: (p.56) compare /AS, W, Q, for one mole ideal gas

(1)Reversible, isothermal expansion, Va—Vs (V< Va)

(2) Free expansion (adiabatic + constant T) Va—Vs
Sol:
(1) dT=0, AU=0

Qrev = Wrey = LVB PdV =RT h{\ij >0 =&
A v

A
AS,, = Rln(V—Bj
VA

(2) Free expansion, dT=0, Q=W=0 (no work done)
"."Entropy is a state function,

—AS,, =S, S, =f@=fbs

A

. AS

irr( free.expasiojn)

ds=Y . P _Pav-Rav
T T T Vv

CLAS. =j55dv _Rln Ve
Irr AV V

A
1.e. no heat absored, and no work done
C.p. (1),(3) Wiey — Wiiee expansion— Wiev= Qrev

.".Free expansion is the limit of irreversibility at which all “potential
work” is degraded to heat and create entropy.
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§ Ex2: 5 moles ideal gas, C\=1.5R, yzg, adiabatic expansion

(P1=50 atm—P>=10 atm, T1=300 K) T=?

(1)Reversible process, T>=?

(2) Irreversible: W=4000J, T3=?
T2=?, T3=?, AS(z)irr:?

Sol:

(1) V) =

(Rev. + Adia.) P{V{'=P,Vy"

1
. PV’ )7 .
. .V2:[¥J =6.47 liters

nRT .
L =2.46 liters

2

_ szz
nR

T, =158 K

T2 3
note: Q=0, AU =n[ "C,dT =nC,(T,-T))= 5% R(158-300) =-8854 J

W=—AU=+8854]

.0 dS =d—U+EdV =d—U+de
T T T V

AS =j””CVdT R[N Cne | T2 |4 nRin| V2
T 'V T v

1 1

L AS =5xﬁxln(@j+5x R xln(ﬂ} ~0.025R =02 (J/K)=0
2 ™300 2.46

Reversible Adiabatic =AS=0
(2) (Irrev. + Adia), Q=0

AU=—W=—4000J

T3 3R
AU =n[ "C,dT =nC,(T,-T,) = 5x =% (T, = 300) = ~4000
. T:=236 K
RT .
V, = 05 ~9.68 liters

3

state 1—state 3 /\Stev=/\Sirr
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_du P du nR nC,dT N nRdV

Rev: ..ds="04dv=221Tgy -
T T TV T v
CUAS, =j”ncvd—T+ "IV
1 T 1 V

=nC, In i +nR1In Va

Tl Vl
:5x£1n ﬁ +5xRxIn &
2 300 2.46

=-15+57=42 (J/K)

.o ASin=/\Srev=42 (J/K)

S ASe) > ASa
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