Pressure—Volume Work 2

Multi-stage Expansion

A .

Reversible Expansion +
Make steps so small that
dP -0, dV -0 P
Then —-dw=P,dV
=(P, +dP)dVv ;
2 V
w=| dw=-| P.dV
path 1
For ideal gases P, =nRT /V

and at fixed temperature w,,, =—nRT In (\%) =nRT In (%j
1 1
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Heat Capacity

Transfer of heat to a system may resultin arise in T.
oq = CdT
- path function, so C depends on conditions.
Define:  8g, =C,dT at constant volume, no work

00, =C,dT at constant pressure, only PV work

From 1st Law, dU =38q+ow=06q— P, dV QeeUMe No
dU =30, for dV =0 other work
oU
& _(aT j

Similarly dH =dU + PdV -VdP
=(6g—PdV)+ PdV -VdP
=00, fordP=0

Sy
oT ),

For ideal gases dH =dU +d(PV)=dU +nRdT
C,dT =C,dT +nRdT

C.=C, +R
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The Relation Between C, and C,,

oH ouU
o (5] {5
W Jp NG J H=U+PV
oU (avj (auj e
=|—1| +P| —| —| —
oT Jp oT Jo \OT )y
Butsince dU = a—Uj dT +(8_Uj dVv
oT )y oV );
LA
oT Jp or ), \oV J;\ T )
- oe(3) (5] (5
oV )\ 0T Jp ol Jo
work needed to intermolecular expansion  per
overcome forces degree

(8Uj :
— | = “Iinternal pressure”
oV );

For ideal (@j =0, (&j :B — CP_CV =nR
gases oV J; or Jo P

For liquids ov . ~
and solids (a_l_ jp is so smallthat C, =C,
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Adiabatic Expansion 2

Reversible adiabatic expansion of ideal gases:
dU =dw 0q=0

C,dT =-PdV = _n\F\;_T dVv ideal gases only

_ 21 21
[ g --a . oy
C, In(T,/T,)=-RIn(V, /V,)
=—(C, —-C, )In(V,/V,)

In(T,/T,)=-(v-1)In(V,/V,) Y:CV—P
-1
B [ %
Tl V2
Also, since RV, :Tz
Plvl Tl P
P, (V)
—2=|-L| or BV/=PRV,
SN
_I__2: & (v=1) /v .
T (P Vs vz
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The Clausius Inequality

Given dS= &?Fi and oW, =—PdV
Substitute into the 1st Law:
dU =TdS —PdV Fundamental Equation

of Thermodynamics
All exact differentials, so path independent.

But dU =6q+ow=0q—-P,dV In general,
TdS —PdV =8q— P, dV e anypal
— dS:6q+(P_PEX)dV
T T
fP>P,, dVv >0, if P<P,, dV <0
o (P=-P,)dV >0
S Equal for
Clausius Inequality dS > o4 reversible
T change

Even more generally,

dSuniv — (@) ds... + (P _ Psurr ) dVv
T T

surr

Conditions for: thermal mechanical
equilibrium equilibrium
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The Fundamental Equation of Thermodynamics
Sqrev

Combine dU =8g—PdV with dS= Reversible
T change but
= dU =TdS —-PdV true for all
1 P paths since
or dS = (?j dU + (?j dVv dV exact

This fundamental equation generates many more relationships.

Example 1: Comparison with dU = 8_Uj dS +(8—Uj dVv
oS )y oV Js

(@j =T and (&j =2
oS )y oV Jg

Example 2: Consider that dU is exact and cross differentiate.

(gj :_(@j a Maxwell relation
oV ). oS ),

Example 3: (ﬁj =—(£ (ﬁj cyclic rule
oV J; oV )\ OT )
:(apj 88) z(@j and again!
os J,\aT ), ﬂQ
_ (oV oP) (oV oV
AT AL )

=a/x
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How Entropy Depends on T and V

+(—) dv =C,dT +(@j dv
), ),

~ gs=Svgrat P+(@j dv
T 9T N )

Compare with dS = (ﬁj dT +(§j dv
ot Jy T

/ l@V
BRI GE l
/
AS, = j&dT 0 for ideal gases

AS. =jTEdv = nRj\%dV

=nRIn(V,/V,)

For any substance, dS = %dT +2av
K

assuming C,, is

_ T V
For ideal gases, AS =C, |n_|_—2+ nR Inv_2 T independent

(egs 3.7.4, 6.1.6) ' '
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Entropy Depends on T and P (not in text)

(3o (o

First problem: replace dU ; second problem: replace dV.
Use dU =dH —-PdV —VdP and both are solved!

(3o {1}

But  dH = (aHj 3 = (aHj dp = CdT+(aHj dp
P ). P ).

oT

~ ds=Cegral (ﬁj _V |dP
L Y

Compare with dS = (%j dT + (88) dP unnatural variables
oT J)o oP J;
_

¥
) N R (S R
oT Jo T oP ). T|\oP )
O for ideal gases

T AST:—j\Tidpz—nRj%dP

AS; =-nRIn(R,/P,)=nRIn(V,/V,)
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Entropy of Mixing

*» Consider the mixing of two ideal gases :

>

o
v
£33
2
S
Z
z
2
S
Z
z
2
S
Z
z
2
S
Z
i

AS, =-nRIn i _ —nRIn b —nRIny,
V,+V, n +n,

AS, =-n,RIn =—n,RIn

=-n,RIny
2 2
V) +V, n,+n,

AS,.. =—NRIny, —n,RIny, =—(n +n, )R(x Ny, +x, Inyx,)

In general AS i =N R % Iny,

This expression applies to the arrangement of objects
(molecules) just as well as fluids (gases and liquids).

For example, arrange N identical atoms in N sites in a crystal:
Q=NI!/NI=1 S=kInQ=0
Compare with the arrangement of two types of atom, A and B.

N!
Q=——— AS=K(InN=InN,-InNg!)
N, IN,!
Application of Stirling’s approximation In(z!)=zInz-z

leads to AS onfig = —kN (XA Ny, +xgIn XB)
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The Carnot Cycle
P
>V
step w g AU
A—->B —nRT,In(V;/V,) Wy O
B->C AU g 0 —C, (T, -T,)
C—>D —nRT_ In(Vy/V,) W, O
D>A AU,, 0 C,(Ty,-T))
Total  nR(Ty =T )In(V,/Vg) —-w, O
e = Wour _ nR(TH _TL)In(VA /VB) _ _T_|_
o nRTH In(VA /VB) TH
_ for best efficiency,
€= M maximize T,
Ty minimize T,
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How Free Energy Dependson T

G=H-TS ..(1) definition
AG =AH —-TAS ...(2) constant T
dG =VdP - SdT ...(3) fundamental egn.
(@ —_§ = G-H from (1)
oT Jp T
oG G H
| === ...(4)
oT Jo T T
o (FCM) 3(®)
oT o T\OT Jp T
Gibbs-Helmholtz  (0(G/T)} _ H substitute
Equation oT  Jp T?2 (4) in (5)
alternative form: oG /T) =H
o@/T) ),

By applying the Gibbs-Helmholtz equation to both reactants
and products of a chemical reaction,

N (G(AG/T)j ~ AH
oT ).
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How Free Energy Depends on P

31
oP );

AG=G,-G, = [ VdP
For solids and liquids V does not change much with P, so
G,(T) =Gy (T)+V (P, -R)

For a perfectgas V = %

AG; =nRT In(R,/R)
G=G’(T)+nRT In(P/P)

where G° is the standard free energy defined at P°=1 bar

The chemical potential for a pure substance is the
molar Gibbs energy:

n
.. For a perfect gas
u=p"+RTIn(P/P) like eq 5.3.5
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