Agenda: TD of Dilute Gases, Simple Processes

Isothermal expansion/compression
Adiabatic expansion/compression

Work, heat, and entropy in Carnot processes

Carnot, Kelvin/Clausius 2ndLTD
Thermodynamic driving potentials
Application chem reaction

Reading
Assignments
Weeks 7 & 8

LN IV.4-7:

Kondepudi Ch. 3.3,
5.1-5.3, 6.1-6.3.

McQuarrie & Simon
Ch.2,5,6,7.1-7.4
Math Chapter B, C



Reversible Work and Free Energy

Thermodynamic
Driving Potential

[N~

equilibrium

4

Reaction Variable &

Thermal Equilibrium

wn

Stable Equilibrium

dStt=0
<+—>

Equilibrium Point &

Maximum work a canonical system @ S<S,,_, can

perform spontaneously using thermal energy dq

int. ener du |
Net heat+ work changes{ gy} — {(q + W) = dH

enthalpy

Helmholtz A—U—_T.S| V, T =const.
Free Energy

Work in reversible processes

du =q,, +wW, =T-dS+w_,
> W, =dU -T-ds=d(U -T-5)=dA

V

Gibbs G=H_T.5| P T =const.
Free Energy

Work in reversible processes
dH =q,, +wW, =T-dS+w_,

>wreV=dH T.dS=d(H-T-S)=dG




Reversible Work and Free Energy

Maximum work by a canonical system @ S<S,_,

Thermodynamic _

G o Driving Potential Gibbs Free Energy [G=H —-T-S] T =const.
\L Work or G in reversible IG processes ? [N\oTE - dH £

G - w,, =dH -T-dS=d (H -T -S) =0dG since p = const
Gy -+ k }‘ Af

~, dG=d(U+p-V)-d(T-S)

equilibrium

» At T = const,

Reaction Variable &

dG=dU +dp-V +p-dV - gF<S-T -dS

with Ezq+W:T-d5—p-dV
Stable Equilibrium [

Thermal Equilibrium

wn

—>dG‘T:dp-V—>

E] = V|« p =dependence
op ).

-~ dStt=0
<+—>

Work in isothermal
reversible IG process

W, =dG| =V .dp

Equilibrium Point &




Thermodynamic Energies & Driving Potentials

Potential energy gain in energetically allowed process (chem. rxn

AH. = H iucts = Hroagents < 0) do€s not guarantee spontaneity — |AS > 07
G o
AG < Woper <0 Helmholtz free energy|A=U-T -S used @ const V, T

System will do spontaneously : w = AA <0

process process

Y !
o N

Gibbs free energy

G=H-T-S used @ const p, T

equilibrium

y |System will do spontaneously @ w = AG <0

process process

Process Variable

Example : "extra" work a system can do beyond pV : |\w = AG

other

Electrical potential ®, charge e — '/vork =e-do

dG=d(U+e-®+p-V)-d(T-S) (p,T =const)

Extra electrical work

dG = W +d(e- @)+ dp-V + p>aV - dFS - TdS » dG =d(e- @) = Wype,

tgdU = heat + work on system = T~dS - p~dV/ Spontaneous if dG<0




Canonical Thermodynamic IG Entropy Connections

Differentials of state functions U, H, S, A, G, V, N T=const
Ideal gas: pV = NkgT and U = (3/2)NkgT

General 1st, LTD any process dU = dq - p-dV + u-dN + ...
Reversible processes > dU = T-dS -p-dV + u-dN + ...

du (S V4 N) v .dsS + ou dV + ou .dN +....
ﬁs V,N,... ﬁv S,N,... ﬁN s,v,,..

ouy _+ (eU) __
oS ov ).,

V,N

Complete ad p ,, 3 ar av
) differential as = - + = - dv = ENkB - + Nk, a Integrate

O

aN | T H > dN=0

s,V

(ﬁUj Set N=const

] T (L wl(I] (5
cerwr-srrons-inl 2] (s ol 2] (2]

Since V «< 1/p



Canonical Thermodynamic IG Entropy Connections

Differentials of state functions U, H, S, A, G, V, N
Ideal gas: pV = NkgT and U = (3/2)NkgT per particle

General 1st, LTD any process dU = dq

T=const.

- p-dV + udN + ...

Reversible processes > dU = T-dS -p-dV + u-dN + ...

S(T,V)=S,(T.,V.)+Nk, -In {(T

0

j -(&j}:som,vo)wws -ln{[

>

oS\ _1foU) _ 1.
oT ), T\oT), T

S(V,T):CV+%p-V:CV+kB:

Similarly | S(T,V,..)=

(15 7. (28
oT ), o

Sk vk =2k
2/

B

" (2)




Thermodynamic Relations: Free Energy

dA(V,T) = d(U - TS) = dU - SdT - TdS = (dq,., -pdV) -SdT - TdS
> dA(V,T) = - pdV - SdT

oA A oA oA
dA(V,T)=| = | dT +| — | dV el oA __
1) (8ij +(6er (ﬁij > (avl P

dG(p,T,N):Vdp—SdTW-dN:(ﬁ dp+ ﬁj .dT+[§j “dN

op ), T JON
oG\ _y| [9G) _ g [2G) _,
op ). ., or ), , N ).

Gibbs-Duhem relation
du=V-dp -5.-dT dy_kBT-dLn(p)—[sokB + k. Ln{(;j Hdr

G k,T/p




Thermodynamic Equilibrium State Functions

State Function Fundamental Total Differential @Equilibrium
U(S,VN) dU=TdS-pdV+Zu,dN;  (mix, species j) Minimum
S(U,VN) dS=(1/T)dU+(p/T)dV-2(u;/T)dN, Maximum
H(S,pN)=U+pV dH= TdS+Vdp+Xu,dN, Minimum
A(T,VN)=U-TS dA=-5 dT-pdV+Zu.dN, Minimum
G(T,pN)=H-TS d6=-5 dT+V dp+>iudN; Minimum
Mixtures N=2;dN; Chemical potential ([ dG
For canonical ensembles @ per particle type i: : _[dN.]pT
V=const., N;=const.du :Tds_pvarw —dU =TdS
P=const., N;=const. gH :Td8+ydﬁ+w — dH =TdS -
Reversible energy changes dg =dU @T,V anddqg =dH @p,T| |dS,, = ?q

Irreversible internal entropy changes (randomness) | |dS;e, >0




1

Grand Canonical PF: Application to Reactions

cut through multi-
dimensional
energy surface

For EOS p-V=n-R-T
R =8.31446262 J/K - mol

S = Spax = Au=0 - Au0=—R-T-Ln[

Equilibrium Constant

Generic chemical reaction in gas phase

Change in chemical potential (@T ) — y; = (Sﬁ]
]

Al =ve - +Vvp - —Vy — Vg U :
¢ HcT D KD A EaT e e v; IN moles

1 (P T)=w) (T)+R-T-Ln(p;/py); Poi=101kPa

Au = Al + R-T-Ln[(pC)V (pD)V ] all relative to p,
(Pa)” (P5) "

(pC )VC (pD )VD _ _ Aﬂo Similar for
: = &P pH(N)= ]




Agenda: TD of Dilute Gases, Simple Processes

e Equation of state of real gases
Van der Waals & other models

Reading
Assignments
Weeks 7 & 8

LN IV.4-7:

Kondepudi Ch. 3.3,
5.1-5.3, 6.1-6.3.

McQuarrie & Simon
Ch.2,5,6,7.1-7.4
Math Chapter B, C



3D Phase Diagram for Water

T= 200°C

e

PRESSURE —

Spontaneous
¥ isothermal
process




Thermodynamic Energies in Phase Changes

[ ‘-, Internal structural energy : 1mole substance
§ '. : extensive (additive) state function energy U
g solid phase '- v 8
a ) ;: «'mi;ll’;':';:{\lff’h' E supercritical fluid Entha/py = Structural Ener gy +
: . + p -V work to access space
3 E l ‘ critical point
e P - — H=U+P-V
»,  (riple point ' gas .":
| vapor . Ex. process @ p = const — AH\p =AU +p-dVv
. e = extensive state function
Temperature - 0
— Reference energy H™ @ standard state
| Materiol Formula | psia  bar @] °F C k- ¢/C, T =25°C , P =1bar < large databases
| Water  H;0 3206 221 705 374 132
H° =0 for pure elemental substances
b2
soitng poin Nontsen Phase changes AH # 0
T / — latent heat transfer AT =0
E Liquid AHvap —
o/ B @ 1bar, T =100°C (= the standard state)
: H,0(¢) — H,0(g) — AH,,, = +40.7 kJ/mol
H,O0(g) —» H,0(¢) - AH_, = -40.7 kJ/mol




	Slide 1: Agenda: TD of Dilute Gases, Simple Processes
	Slide 4
	Slide 5
	Slide 6
	Slide 7: Canonical Thermodynamic IG Entropy Connections 
	Slide 8: Canonical Thermodynamic IG Entropy Connections 
	Slide 9: Thermodynamic Relations: Free Energy 
	Slide 10: Thermodynamic Equilibrium State Functions
	Slide 11: Grand Canonical PF: Application to Reactions
	Slide 12: Agenda: TD of Dilute Gases, Simple Processes
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19: Thermal Energy Transfer to Storage Materials
	Slide 20
	Slide 21
	Slide 23
	Slide 24: Grand Canonical Ensemble
	Slide 25
	Slide 26
	Slide 27
	Slide 28: Entropy and Energy at Equilibrium
	Slide 29: Entropy and Energy at Equilibrium
	Slide 30: Entropy Flow in Spontaneous Processes
	Slide 31: Math Preliminary: Constrained Search
	Slide 32: Math Preliminary: Constrained Search

