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Chapter 3. Second and Third Laws of Thermodynamics: Entropy
3-1 The Second Law of Thermodynamics and the Carnot Engine
1. Second Law : A~k H{Y empirical law
1ol = K733 A R B TR Tstlaw, (] P fEaR 2
(O Clausius (Rudolf Julius Emanuel Clausius) 1822- 1888 s &, R EEIRT
It is impossible to devise a continuously cycling engine that produces no effect other than the transfer
of heat from a colder to a hotter body, I[] @ £ “7 g P (R PR [H ﬁ,’ﬂﬂ?’@?ﬁlﬁ\ gl [
@ Kelvin, I'JE2)l g n 0%
It is impossible for a system to undergo a cyclic process whose sole effects are the extraction of heat from
the surrounding and the performance of an equal amount of mechanical work.
I+ T g eyclic process $*1EVA = b 7
]J;' work 'l #L = 7@+ heat (Joule 1Y ﬁ@%ﬁ’ﬁ?ﬂﬂﬂ)

2. Carnot Engine (Nicolas Leonard Sadi Carnot) 1% [ ~ (1796-1832), [ﬂ%éi%“[_ﬂ 9=

2E B AFigure 3.1
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3. Heat Pump (refrigerator) 2
rev. adiabatic expansion at 73

[[] Carnot *~ §E
rev. adiabatic compression at T}
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rev. isothermal expansion at 73
rev. isothermal compression at 7}
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o AT for efficiency

4. 5 Carnot engine . efficiency 8 , H|J5-f# 2nd Law
]'@r%lﬂ? |~ superengineng > 7. , }-{’j’ £ HICarnot heat pump 3./
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5. Thermodynamic Temperature (£|[[[#* ideal gas temperature) and the Zeroth Law
(1) Zeroth Law of Thermodynamics (f’fl157— ~ = EH R Ff['sfig"ﬁjﬁ'\aﬁﬁ’u‘g')

If A & B are at thermal equilibrium W
S } then A & C are also at thermal equilibrium.
B & C are at thermal equilibrium

A % h{ depend on 7, #!reservoir ) composition grﬁ%
3

(2) 7 thermodyna mic temperatu re &

- T,
(3 —|% *J ERG #ﬁxz’,’éﬂp— =— for Carnot cycle
0, g, 6, T,

Iff° 7£1 substance = [# -
I 7E su o FTJ ideal gas temperature scale
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3-2 The Mathematical Statement of the Second Law: Entropy
1 ﬂzﬁlﬂmﬂ JHED (the 2" law) :

(1) For a closed system, two reversible adiabats don’t cross.
ie. [lI%— state Z[p1— state = % [1F|— [ rev. adiabatic process Fi' 7
E | p f

<> MEC
O+@+B) %f system F;[ Ll eyclic, AU=0

ZREZ R AFigure 3.6
9=q,+4¢,+q; =0+ [C,dT +0=C,(AT)>0

Wyy = W=-AU+g=0+g=¢q
Al g “f%"*t b1 > e 2nd law

F;T;J%li constant VE?I‘ w=0

(2) Caratheodory’s theorem
In the neighborhood of every equilibrium state of a closed system, there are states that can not be

reached along any rev. adiabatic” path.
<HIDPVECRURL- FRpo> PN state (2, 3) F5F* N1 reach , 1] 2 rev.adiabats #iF cross
<#ﬁﬁ§ﬁ> i Carnot cycle f[1, some heat must be exhausted to a cooler reservoir I'] [PIfeE— {5

rev. adiabat Z[[p}— X rev. adiabat
rev. adiabat J[|£% dg,,, = 0.1 unique path
[ir &S o dg,,, , HI 1 dS=y(T)dg,,

3) IEI dq &t exact differential fi*) integrating factor
I'} ideal gas EL {5 :
RT
dq.., =dU —dw=C,dT + PdV = C,dT + 7dV kL exact

ydgq.,, = yC,dT + y%d Ve, iﬂir% v kL function of T, not function of V'

ovRT
ydq,,, J['Fe) exact EJU(aayIC/V] _| 9 %/

T oT
\
ayRT yR
oT VvV 14
@ _-y
dr T
= Ihny=-InT, Elﬂy:l
. d
/E/Ly dSz qrev
T
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€)) #ﬁﬁru * An irreversible adiabatic process . final state | {fj<7% % T~ Vﬁ%‘[' F reversible adiabat ./ JF e
i.e. high-temperature side

222K Figure 3.7
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T q w
1.. rev. adiabat 1—3 0 w,
32 1 ¢g<0 0
2—1 0 W,
=—qg>0
2-n Wy g
%‘Lﬁﬁ%{f system [E), system le‘j f [olAginey, plis,

[T]~" %5 irreversible process 7% 7+ rev. adiabat fiY % 384 2
(! Fﬁ]@ﬂﬂl 2F P EIE T pIE] 1 irreversible path.

ideal gas, irreversible expansion

= [! final state Tﬂ'[ﬁj, V., <V s F[& P, >P,

:}ill:l final state ,:_I/ Vﬁl[ﬁ s E “Tvrev < T
== Ist law .V irreversible adiabatic expansion 5]~ FEI}= ks

2.2™ Law ¥ Mathematical Statement :

|~ ([ state function dS qu—;v (entropy V3 > = Hikldy,, [1]?Fdg)

<Note>: AU [i' ' [11 dW, a4, F dgv (simple system) [fij §%=O

AS 11 da,, iy
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Carnot cycle @ 7} <L Y ]? P i
Tl Y ¥ =|w
@ qrev @ qrev -
Tl v
3 ® .
rev.adiabatic

I\S FL constant entropy process

3. Clausius Inequality and Some Important Conclusions
§%1 <0 i <0 for process with any part being irreversible

=0 for process with all parts being reversible

< 1> #1#¥ real engine (irreversible, I'| prime %) == Carnot heat pump (reversible)

W= <=
' T — : =q,
\ q, ! q, / _!ql %
1+ <1+% 1 L
9, q: 1
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§ﬂ:ﬁ+&+ﬁ+&:ﬁ+&<o
T OF-T, L, BB T
<s5 2>
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--------- e adiabatic
® ‘~,‘ procassl @ q,=0
I_ @ g,= ICVdT >4 Clausius fH 585
o % 2
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process
3|
V—e -
91 :
g Total (cyclicH RV AS = AS, + AS, +0
AS T AT:AS, +AS, +0=0
® AS, 0 ﬁljﬁd§d—T‘7:0+AS2+0<o
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T ,
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FF @ irr, adiab. ASadlab > 0 (AS
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surr
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@ Clausius Stiffy : The energy of the Universe is constant, 1% law

the entropy of the Universe is always increasing <2" law
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(® The entropy of an isolated (adiabatic) system will always increase in a spontaneous process.

(® Caratheodory’s theorem “ Fi’ il 17} 2nd law
& HF TV [ﬁlH I, irreversible adiabatic process T;'Tfés T reversible adiabat [/ ‘F B s



3.3 The Calculation of Entropy Changes
dq =dU + P dV

- , PV -only
dq ., =dU + PdV
=C,dT + [a—U) dV + PdV
V ):
=C,dT + T(a—PJ — P \|dV + PdV
oT )y
=C,dT + T[G—PJ dv
oT )y
S = dq. _ C,dT +(apj e
T T oT )y
i = Cear o [Z2) o] p o5 - Sear (2] ap
T v T oT Jy

£l r®(a—5j =% @(a_sj :(G_PJ
or), T ov )z \oT )y
()5 1)
or ), T 2 OP ), —\ar P
ST /—Cqﬁ\p*ﬂ[const. Vﬁ?ﬁ,d‘]v =dU

~'TdS =dq forrev.process fHZ]| T (G_Sj :(O—UJ UECar
T ), \ T ),
§ 9y~ pust ’,-E.ir,max\gfellrelation,ﬁk - ﬁ’[ QFJEJ‘F%%
1. Ideal gas, P:ET ! (—Pj R
% or), v
ff['? dS=Cyd InT +Rd InV

N

iainker A j:— HZEideal gas i’
AS=C, n2 R = constant /', AS;/C’V In-2 %
TN W T,

constant7 , AS = Rln& =RiIn 5
4 >

constant P , AS =C, ln£+ Rln£ =Cy lni
T T |

[fl'é{l rev. adiabatic expansion :
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Ehconstant S I/ process , Frlsr C,In=2+RIn 72 ~0
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2 vdW gas, P=RL @ (5_1’) __R
Vb V or )y V—b
As=[c, dlnT+jR1n V—b)
V,—b . .
=C, ln—+ RIn (57 Cy, flindep.of T')
T, = i
3. Change of state (phase change)
AS = qr% = % (reversible phase change at const. P)
4. Entropy of mixing
SR
14 v, W\#ﬂ ", mixing i ' £ constant T ./ expansion
SRU
AS; = niRlng = = ZVZ. , 1 3BT f[ﬁ'compoHent
V
AS i = D AS, = ZniRInV
1 ) V.
= RZ n,In—",  x;=mole fraction = —
.1, V
2 —RZ nln x,
FJSF AS (per mole) = RZx In x,
ﬁLﬂ : (O mix 1 mole He with 1 mole of Heat same Pand T, AS =? (AS=0)
@ TR IS, B AS=—RYm Inx LA (57 2
5. 2] (irreversible)
(1) “I% -15°C i< (Chap. 2 BB AH ), ['H|O+@+@FFHET
¥fsystem :
2T @ - T. 273.15
@ ASzCPlnFZ=76.lln = =43 JK'mol” , g, =1140]
T | © ® ‘
- 18 —_ -
@ AS=-333.5x 473_ 22.0 , ¢, =—6010]
258 bommmeemoemooeoe- ? .
r b 3@ AS= Cln——37 151n§=—2.1 , q,=-557]
T, 273
Cp, =76.1JK 'mol”!
G me AS.. =-19.8 JK 'mol » q=-54271
@ C,=-333.51]g Y
® C,=37.15JK 'mol™ %] surrounding :

_ _5427/  _ ol
q=54277, AS,, =427/ 0 =210 JK 'mol

AS, +AS,, =-19.8+21.0=+1.2 JK 'mol™ >0
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surr

Ans :

rev

state] —— 2

@

AS® = +AS@

(M AS @ =A@
>AS,,.

@® OF

EAs

surr

state | —= 52

’ @

> AS@ + ASsurr(@ >0

i?} F[I “state function” {Fi#} ?

2 fik 7 kL state function ,
H _Ef ASsurr(D * Assm@

Al + PG surrounding 1Y final state 7+
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3.4 Statistical Entropy
N
S=—kInQ+S, =-kInQ (ifS,=0)

v\ thermodynamic probability
RO<l | P;&F'“‘ Fﬁ TRIN, V, T ! Hiéﬁ_i [ microstate B¢t ‘"EJF%J
ph B0 P PV = nRT ¥ (if assume ideal gas behavior)
<Note>H YNQ"E F’[ BT Q FJ i5% microstate VBT, [IZFprobability

2. [l lattice gas model J+Fif¥ statistical entropy #{! thermodynamic entropy fqi_ﬁ'[ﬁj ]
N [j# non-interacting point-mass particles T+ volume V,
macro state : N, V, U
micro state © (x,y,2) > (Vx, Vy, V2)  2=Qco0rd Qvel
VTR M T I Fig 3.1

N
Hl _M (Fparticle Ehindistinguishable, foI = '] N7)
Qcoord N/
(=)
isothermal expansion AS =nR1n I% (ideal gas)
1

S Q 2)Q (2
MF T AS=—kInQ, +kInQ, =—k ln( coord (2) 2y ( )j
Qcoord (I)Qvel (1)

Q ¥
:kln&():klnM—zN:Nkln%

‘Qcoord(z) M] Ml
:Nkln% (Nk =R, k=138x10"2JK™)

1

(1)

entropy of mixing 4 ' I'| {AMEEELT

3. Interpretation of Entropy
Zv]iZ 5 S kL rev. process [V heat transfer
ARFHEE - § RLEMT “lack of information” iU El
- Jﬂ&?ui:ﬂ' B ”EJE]% ’ %%*i:ﬁ i
(EFOP 5 MBRELE eyt SR Eﬁ'ﬁi "B WA “lack of information” ﬁlﬁﬁ
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3.5 Third Law of Thermodynamics and Absolute Entropies
1. Third Law
(1) Nernst (Walter Hermann Nernst  1864-1941 > f# » > 1920 F Nobel Prize)
“For certain isothermal chemical reaction of solid, the AS approaches zero as@ — 0.”
ﬁ?fﬁi “Nernst heat theorem” , RLE(EERAVEN], #%FAS
(2) Max Planck 1911 (1858-1947 » f# * > 1918 Nobel )
¥} individual substance, S >0 for 7 —0
(3) Gilbert Newton Lewis (1875-1946, [kJii, octet rule)
AtT =0, S=0 (forperfect crystallin e substance
PIPRL , Pl S>0  fpr:CO
[NC-0--0-C---C~0--- Tkl perfect crystalline
AS =RIn2 = 5.76 JK 'mol

2. William Giaugue (1895-1982 > 1949 Nobel Prize) Hf e

Sy T<368K Simey T =368K
% = —026len
" phase change
-9.07eu
8.8le.u
S, 0K = S, 0K

3. unattainability of absolute zero

T 4
rev. adiabat [NEL 2 i rev. adiabat TAH
[} irrev. adiabatic process <’ Fﬁl fff[i%g}?
ﬁY:"rEf T+ finite steps *'| adiabatic process I’EI T—-0
% -V
T=0 > flrev. adiabat > “J L. rev. isotherm
ordered._.
T 4 disordered

isothermal magnetization
rev. adiabatic demagnetization
P T TR R
s (S 10°K
J[1*'] laser cooling Fl‘ %2 3x10° K

4. Absolute Entropies

(1) S(1)= Iorf C"T(S)dT+ AI;Iqu +‘[TT:C‘}(I)

\

dTl"  foraliquid, T, =freezingpoint

14
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C,~C,=aT’+bT atlowT
(Debye theory)+(electron in metal)

¥0-15K {’EL"EJ =l P2 data

(2) Standard State for the Entropy
solid or liq. —actual substance at P° (1 bar)

gas—ideal gas at 1 bar (hypothetical)

(3) AS of chemical reactions at various T

7, ACp
AS(TZ):AS(TI)+J;I T

(4) Trouton’s rule (empirical)
For “normal” liquids > ASys = 10.5R ~ 88 JK 'mol
at the normal boiling temperature
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