Chapter 8 Review of Thermodynamics
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§8-1: Why do we learn thermodynamics?

% “Materials thermodynamics” : What determines how matter behaves ?
% “Thermodynamics” : From the “energy” point of view to discuss the equilibrium of matter.
* Materials thermodynamics < “material” system.

88-2. Original development of thermodynamics.

% “Heat” and “Work” relations of a system.
Ex1. Heatengine : How much work can be performed by the adsorbed heat?

Ex2. Refrigerator : How much heat can be attracted by the work done on the system?

§8-3. Scope of Material Thermodynamics.

* Why material behaves in a certain condition?
* Equilibrium state of a material system:

Minimum Energy.
Maximum Entropy.

Ex: 1. Pure metal is not stable.
2. Crystal defects : vacancy? Dislocation? G.B.?
3. Phase transformation : H,O, Fe, and Diamond

4. Complex material system : Stability? Equilibrium state?

88-4. Classical Thermodynamics vs Statistical Thermodynamics.

Classical Thermodynamics = Macroscopic phenomena.

Statistical Thermodynamics = Microscopic description.
Particles : electrons, atoms, molecules.
Probability : distribution, partition function.

§8-5. Thermodynamics vs. Kinetics



Thermodynamics : Equilibrium State?
Kinetics: Reaction Rate?

88-6. Laws of Thermodynamics
1. The 1% law : Energy conservation

dU =8Q-8W
{AU:Q—W

U :state function, indep. of path
Q, W : process function, dep. on path

work done "By" system,3W >0

)86 W,
work done "ON" system,W <0

Rev.

=P dV{

2. The 2™ law : Entropy is created.

| dS = SQ% . S is a state function.

AS
AS

=0, Reversible process
>0, Irreersible process

* ASadiabatic 2 O’ { e

adia.

3k Asuniv. > 0 = ASU,V >0

Universe < Isolated System.
(No mass and energy transfer)

No dissipation ( friction)
No entropy production

* Reversible Process : {No permanent change in
=0
production

dS,, =0

the unreverse,{

.".Areversible process is imaginary.

All real processes are irreversible.
However , S is a state function.

Change of entropy , AS=(Sg —S,) , can be calculated via a reversible



path.
AS = (S, ‘SA):E\;%

% All spontaneous process is irreversible, A S>0 always!

* Statistical definition of entropy:

k = Boltzmann constant =1.38x10** ~%<
Q = Number of available microstates for a specific macrostate.

k=R = J _ 23
N,-k=R=8314 J{ . N,=602x10"/mole

* S : Distribution Randomness of a system

Thermal Entropy: Sierm = Distribution in energy states (levels)
Configurational Entropy: Scons. = Distribution in space (arrangements)

3. The 3 law : Entropy of substance at 0 K
* Entropy of all substance is the same at 0 K

* Nernst’s theorem : all reaction involving substances in the
condensed state, AS=0 at0 K

.A+B=AB
AS=S,g —S, —Sg
If assigned, S, =S, =0, at 0 K
then S, =0,at 0 K

* Plank : Entropy of any “homogeneous” substance, which is in “complete

internal equilibrium” may be taken to be zero at 0K .

Ex : Following substance at 0K, Sp # 0
(1) glass: supercooled liquid.
(2) disordered compound.
(3) mixture of isotopes : CI*® —CI*¥



(4) non-equil. concentration of vacancy.

88-7. Definitions of some important parameters and

functions.
* Thermal expansion coeff. o = +%(Z—\T/)P
* Isothermal compressibility B = —%(g—\;)T
* Heat capacity C= %
C, = (adQ_I'r_eV)P v+ . (0Q,,) =C,-dT
C, =), (8Qu)y =C, dT

Theoretically derived Cy(T) is a complicated function.
Empirical : C,(T)=a+bT + % (J/g-atom-K)

experimental a, b and ¢ values can be obtained from Table A-2.
TVa?
B

* Defined energy functions : H=U+PV  (enthalpy, }&)

C,-C, =

F=U-TS  (Helmholtz Free Energy)

G=H-TS  (Gibbs Free Energy)

§8-8. Fundamental Thermodynamic Equations

s combination of 1% and 2" laws :

. {SQI’BV = TdS

W, = PdV (mechanical) ..dU =TdS - PdV+6W

OW': other work, e.g. chemical work  8W'=0 for pure substance.



dU =TdS - PdV
dH =TdS + VdP
dF =-SdT - PdV
dG =-SdT + VdP

%k <

.~ . oU oU

* Coefficient Relations : T=(—),, , -P=(—
v+ P=C)s

oH oH

T=(—)p ,V=(==
(T5)r (Cp)s

oF oF

_S: _ , _P:

v =)

6G oG
5=(22), ,v=(=2
(aT)P (aP )t

% Maxwell Relations : (2—\1;)5 :_(%)v
s =C
=
)=

* Gibbs-Helmholtz equation:

[G(G/T)} __H [8(AG/T)} _AH
oT | T oT |

* Variationof V,S, H, Gas a function of T, P.
(1) V=V(T,P)

oV oV
av=(2, dT+ (), -dp
(aT)P +(6P)T d

| dV=aV dT - BV dP
(2) S=S(T,P)

oS oS
dS=(—), -dT +(—)+ -dP
(aT)P +(8P)T
8(?r'ev
dT
oS oV
Maxwell () =—(—)p=-aV
(aP)T (aT)P o

" Cp

(

_TdS. __ &S
)P_(dT)P_T(a_T)P



.| dS = %dT—(deP

(3)H =H(T,P)

dH=TdS+VdP=T [%dT—anpj +VdP

[ dH= C,dT +V(1-aT) dP

(4)G =G(T,P)
| dG=-SdT+VdP |

For a constant pressure , P=1atm, process: dP = 0.
ds=Sedt
T

dH =C,dT
dG =-SdT

when C, =a+ bT+% is known , AS, AH, AG can be calculated
for T, > T, ,eqg.
AS=S, -8, = [ds=["CPaT
-2 1= - T T
AH =[7C,dT
1

T2
AG =-[*SdT

C,(s) =38 J/K-mole
Ex: one mole H,O ,{C.(I)=75.44 J/K -mole

Co(9) =30+10.7x10°T+0.33x10°T* J/K -mole
, p(s)=0.9 g/cm® p(D=1.0 g/cm®
S(S) yoax =44.77J/K-mole ,  latm-cm® =0.101J

S(I),ZQSK :70.08\]/K mOle ) H (I),298K :O

AH_ ,, = AH, at 273K =6008 J/mole



AH_,, = AH at 373K = 41090 J/mole

evap.

Q1: H

=7
(S),270K — ¢

Q2: G, (T)=? G,(M=2? T,=7

Q3: WhenP=100atm, T =?
Q4: Calculate the equilibrium vapor pressure of water, P(T)=?

sol.1 : Figure. 1

L "
= -200
f=3
-
W
o .4000
o
€
E000
Q0 |
I~ 4 i
Iy _ -
<k 289 300 320 340
1lemperatura, K
Pigure X1 The vanimions, with tempersture, of Uhe molar enthalpics of solid aed liquid water ot | ot
are. The modar eathalpy of liquid water ot 298 K marbitnarily asvigned the value of 2ena

273

298 _ 0
Hezroi + [, Co 0T+ AHq + [ CoydT =Hy 205 = 0.

Hezox = ~|Cris) (273-270) + AH,, + Cy,, (298 — 273)|
=—[(38x3) + 6008 + (75.44 x 25)]

=-8008(J)

sol.2 : G = H-TS

(1) For liquid H,O:

.
Hoy (T) = Hy s + [ Crqy - AT =75.44 (T-298)



C
PO dT =70.08 + 75.44 In (%)

T
S(|)(T) = S(I),ZQBK + J-ng T

(2) For solid H,O:

C
PO dT = 44.7+381n (%)

T
S(s) (T) = S(s),298K + .[298 T

Ho(T) = Higoro + [, CodT =-8008 + (T-270)x38
Gy (T) = Hyy (T) = T+, (T)
G (T) =75.44(T-298)-70.08T-75.44T - |n(2;98)
G, (T) =-8008 + 38 (T-270)—44.7T —38T- In(2L98)

(G, (T) = —22481.12+435.15T — 75.44TIn T
"Gy (T) = —18268+209.79T —38TIn T

atT=T

m H

Gy= G

.-4213.12+225.36 T, -37.44 T InT, =0
T =2719K (~—1.1°C)

dp AS, AH
sol.3 : “.°Cl Eq. | (), =—2=_—%
B apeyron B. | () AV,, TAV,
AV, <0 S PT=T I
AV, =V, =V =%—3—89; —2.0 cm®/mole
-dp=2Hn g7 AHn ,dT_—6008 dT :—3004d—T (/ecm?)
TAV,, AV, T 20 T T
C oo T, dT
Sk dP =-3004 T

T
100-1) atm=-3004(J/cm?) - In(—""
( ) ( ) (273)

99x0.001_ | 273 . L oo 1
3004 T

m

sol.4 : Assume that water vapor is ideal gas
..PV=RT



D= 150
AT TAV

AV =V =V =V

. dP ~ IDAHevap.
"'dT~ RT?
AHevap .
.| dInP= -dT , Clausius-Clapeyron Eqg.
T
evap (T) AHevap,373+ 373ACP(|—>g) dT

{AHGWS?3 = 41090 J/mole
ACpy1 ) = Corg) — Coqy = —45.44+10.7x10°T +0.33x 10°T

10.7x107°

Hoop (T) = 41000 — 45.44(T-373) + 'T(T2 -373%) —
0. 33x105(——i)
373
5
= 57383 —45.44T +5.35x10°T? — 0:33x10°
, 57383 4544 5.35x10° ~ 0.33x10°
cdIinP=( ——)dT
RT? RT R RT
. 57383 45.44InT 5.35x10°T 0.33x10°
SnP= - - + - >— +const.
RT R R 2RT
when T=373,P=1atm, .. const.=50.61, R=8.314 J/K - mole
6902 1985 L5061

“.In P——?—5465InT+6434x10

88-9. Free Energy as a functionof T, P

i o l.{constant P,G(T) curve

2. |constant T,G(P) curve



1. G(T)
* For single phase substance
G=H-TS
dG=—SdT+VdP

constantP, .".dGp=—SdTp

(ﬁj =—S  ("S>0, .-.d—G<0)
aT Jo dT

2 —
0 Cj :_(ﬁ) - Ce <0 (curvature <0)
or? ), \oT)p T

Figure. 2

constant pressure

* Two-phase equilibrium ( e.g. melting)

dG® =-S%dT + VdP
dG' =-S'dT+V'dp

~d(AGT)=— ASYdT + AVdP

. aAGSI :—ASSI
LaT ),

sl
ASY  =(S'-S%)>0, .-.[aAG j <0
P

oT



(GZAGS'j ) (GASS'j -
2 - =
oT? ), oT ),

- AS®=AS™ =~ 8.4 J/K-mole. (Richard’s rule)

conslant pressure

Figere 8.3  Schemal

Figure- 3 water with temperaty

2. G(P)
* For single phase substance
dG=—SdT+VdP

%)
constantT, | — | =V >0
oP )+

0°G oV
=l —| =—PBV <0(—>0
[GPZJT (GP)T PV <0(=0

because [ is very small

constant temperature, 0°C

S

Figure 84 Schewa
Bcpd waler with pre v al con

Figure. 4

oeergy of meliiag of



* Two-phase equilibrium ( e.g. melting)

aAGs') RV {> 0,usually
T

oP <0,H,0
aZAGS') ) (aAVS'j .
2 - =
oP* ). P ).
Figure 8.5
AG

-}

0 -

Figure. 5.

§8-10. Criterion for Thermodynamic Equilibrium

1. Inan “isolated” system entropy is maximum.
Suv =Smax OF AS,y, >0
2. Ina*constrained” system , energy is minimum.

Usy =Ui, or AU, <0

HS,P =H;, or AH ., <0



Frv=F or AF;, <0

min

Grp =G, or AG;, <0

§8-11. Thermodynamic Properties of Ideal Gas and Ideal
Gas Mixture.
1. Isothermal G-P relationship, dT=0

dG=VdP= gdP:RTdInP

. dG=RTdInP (constantT)

AG :j: dG =G(P)—G(P;) =RTINnP—0=RT InP

(Po=1latm, G=0)
Standard State : P=1atm, 1 mole pure gasat T

G(P=1latm)=G" =0

S.AG=G-G =RTInP (constantT)
2. Mixture of ldeal Gases

Fixed total volume: V'
consider: < Fixed temperature : T
N, +Ng+N,

total pressure : P
(or initial pressure) P,= P;=P:=P

n, _ N,
Na+Ng+Ne DN

* mole fraction: X, =

SO IX =X X+ X =

P= pa+Pg+Pc
_n,RT

(1) initial n,, .".Pi= p, V'

(2) adding Ng ,(Ny +Ng) " P= p,+p,



n, +n,)RT
P:%:(pA*—pB)
Vv
L Pa o Ma oy
pA+pB r]A-'_nB

CPa=Xa(Pa +Pg)=Xp P

* |p;, =X;P , _Dalton’s law of partial pressure

x Partial Molar Quantities :

Q

1) Q=

@ G, = (ZE)TF’”] =W; , chemical potential
TP

i
oG, =

3) (—L =V.

® 2,y =V,
..,0G' _\yr
. (a_P)T,comp. =V

o ,0G’' oV’
[_ ( )T comp.]T,P,nj...:(a_ni)T,P,nj...
o ,0G’ —

[8_P (6n )T P.n;. ] T,comp. = Vi

(4) For fixed composition and T

4G, =V, dp
RT
oV oXni) 5 X.RT
i =(Sren,.= =RT/P=
on; on; D,

TP,

-dg < XRT o XiRT 2 _RT,

Di Di | Di

| dG, =RTd Inp,




G_i =G; +RT Inp; (constantT), p;=latm=P

. .. /
(5) Gibbs Free Energy of Mixing, AG
For each component i,

before mixing,G, =G; +RT InP,
after mixing,G, =G’ +RT Inp,

~.AG,=G, — G,=RT |n[%]

AGL..=> N.AG; =RT > n, In(%)
i

If mixing is carried out at constant T,

total volume (V') and P,=P,=P, =..=P_ =P
PiPiox
P P
CLAGl, =RTY n;InX,
RT) n;InX;
one mole mixture AG ., = 2.niInX, =RTY_X;InX;
>_ni)
(6) Heatof mixing, AH/ . =0, AU’ =0, AV =0

Constant pressure and composition :

M} __H

oT 5 , before mixing

—- , after mixing
oT T?

_a(G_i/T)} __H

G,=G; +RTInp,=G; +RTIn X, + RTInP



.'.&=&+R InX;+RInP
T T

LG IT)_aGiIT)
o oT oT LY i

similarly, H=Hj
< AH= Y NAH =30, (H; —H,)=0
(note : no interaction between particles of ideal gas = AHm,X
= H_I is a function of T only!! It is indep. of composition.)

(7) Entropy of mixing , AS/

mix

AG(mx_AH:mx _TAS{mx
/ AHimx AG"ﬁnlx
ASmlx T - T =0— RZn InX

S ASLL =—RY N, InX,
one mole AS_, =—R>_X;InX;

8) AV,

mIX

LAV = 2 NAV =30 (V- V)

v (6V'J _{G(Zni)RT/P} _RT
| on; T.P.n;. on; T.P.n;.. P

V,=— V =V, AVr/mX—
P
(9) AUI’T]IX
CAHL =AU +pAV!



+PAV.. =0

mix —

=AH,

. AU! -

mix

%k Conclusions :

Mixing of Ideal Gas ( total one mole)
AG i, =RT > X; InX;

mix

AS, . =—RY X, InX,

§8-12. Thermodynamic Treatment of Nonideal Gas (Real
Gas)

1. Consider nonideal gas itself, not mixture.
Fugacity :|[dG = RTdInf
c.p.,idealgas dG=RTdInP

Mixing of nonideal gas : d G, =RT d Inf,
Ap;=RT In(f;‘) (Aw; =G, — GJ)
% (comparison with gas mixture):
R

f.
S.G. —G!=RTIn(=+
| | n(P)

Gr:puregasatP=1atm,1mole f’=1

-|dG; =RTdInf,




Ideal gas:f =P
Ideal gas mixture:f, =P,

-aP
Real gas:P > 0,f > P (f =PeRT)

-1 ¢PRi
Real gas mixture:P —0,f —» P, (f, =PeR™ )

asP—)O,(i)—>1
P

deviation : E—V+g (=V'9-V)

constT dG=VdP=RTdInf

RT _ . P f _ P —Q
(at=-)dP=RTdInf . .Ipzodln(g)-jpzoﬁdP
"“P—>0 (i)—>1 In(i)—>0
. ) P ) P

. f _—aP _
SAn( P )_F (If a=const.)

f —aP —aP PP
.'-E:eRT cor f=PERT orf=pERTP®  (ifaxconst)

—aP
* when o is very small e RT gl—a—P
RT
fo 0P Py, RT PV
P RT RT P RT
For one mole of ideal gas : P, :ﬂ
f P _ 1
o= — e. | P=(f"P4)?,when a > 0,P >0
P Py
. Z=Z(P)
* Calculate f from equation of state of real gas
Z=2Z(V)
f._-a \% 1
cdIn(—=)=—=dP=(— — =)dP
n(P) RT (RT P)
2=V Al dindy=Z=L.gp
RT PP P




f f Pza
[InC e — (0= [} %5 0P

Aoy P
| In() = J; %P

One mole N,gasat T=273.16 K(0°C)
PV = 22414.6 —10.281P+0.065189 P2 +5.2x10~' P* —1.32x10 71 pP®

+1.01x107* P8 (atm-cm?)

when P=100atm, f=?
Sol.
z= PV i(a+bP+cP2+dP“+mP6+nP8)
RT RT
271 i(b+cP+dP3+mP5+nP7)
P RT
f 1 2 4 6 8
In(— )=—— (bP+cP?/2+dP* / 4+mP®/6+nP°/8)
P RT

*. when P =100 atm, f=96.96atm.



