Now, fix T (isothermic) P, V,, Ty = Py, V,, T,

add heat quasi-statically

Pext = Pit» butnot constant

_ Vs Vs
W= Vl pextdv _'[Vl pmtdv
Vv
= 2 NKTo v/ — Nk, n| Y2 | = Nk, on| 2
iV Vi P,
[Ideal gas C, :37R orU =¥}

for const. T process, energy of an ideal gas does not change
ds =2 du +Lav
T T

V
q=—W= NkToﬁn[—zj or dszwd_v
Vi T V Const. T process

AS =q/T, AS:Nkfn[V—ZJ:

1

q
TO

quasi-static

rev

a quasi-static process can
be irreversible if heat flows
in or out of system or if
entropy is created

dU =TdS — pdV



Fourth case: adiabatic: no heat flow
dU =ow

if you change one of T, p, V, the
other two variables change

(pl’vl’Tl)_)( p2’V2’T2)

p appears rather than p,,, since

dU = C\/ dT =— pdV we are assuming a reversible
process
—NKT NKT
C\/dT:TdV p:T, ideal gas
Qdt _ Nk
T V

1 1

NK/C,
J_zz[ij

T V.
n—%=—Nk¢n| —=



Pathways
. . 100}
None of the 4 processes just considered allows one to
reach an arbitrary (p,.V,,T,)from a starting (p,.V,,T,) Px =
You can achieve this through a sequence of steps (a pathway)
358
w, g are path dependent
S, U are state functions
V (liters)
Path a
1 mol of gas (ideal) with V=1L, p = 100 atm, evolves to V= 5L, p = 35 atm,
(1) fixed applied p,
expand to V,
W=-p, (V2 _Vl) =—400liter-atm So for the complete path a: w = -400

litereatm
(2) now decrease pressure
to P, at fixed V,

w=0



Path b

Along path b:
change vol. fromV, to V, at fixed P,

Then change p, to p, at fixed V/,
W, =0—p, (V, -V, )=—140/atm

For the two pathways, considered above the
energy charge is the same

pl’Vl’Tl start pl’VZ ,T *

PV, T* tmmmmmoo ->V
p2’V2’T2

_100(1) R-00g0 M
T, =pV,/ R=————=1200K :




2PV ()00,
R 0.0820

AU =C,AT =3/2R (T2 —Tl) =111/.atm independent of path

For any pathway g+w = AU

Routea const.p 4=C, (T,—T,)+p (V,-V,) (I;orr;:cltfd
const. V q=C, (T,-T,) a7

Ot = Cv (Tz _T1)+ By (Vz _Vl)

AU =q,+w, =C, (T, -T,)

quasi-static
(G
Eq.7.14 Y _(WJFI p (V- V)
:% Py (Vz _V1)+ By (Vz _Vl)

=G, (Tz _T1)+ Py (Vz _Vl)



If you cannot measure AU or A4S directly, can measure heat + work
along some convenient quasi-static pathway toget AU , AS

Can use reversible path toget AS =

q rev

TdS =dU + pdV =6q-ow+ pdV
= 5q - pextdv + pdV
= 5qrev

Cycle — starting state — intermediate states — starting state

Examples are engines, refrigerators

Foracycle AU =0

(a) Heat In (b) Work Performed {c) Heat Out

Figguwe 7.4 Moleculas Drteing Foroes e [ Gartand Sriene 3911}

heat i work
eatin performed heat out



Adiabatic
Compression

Carnot cycle (1824): gives us a handle on efficiency a=0 Adiabatic

Expansion

A— B isothermal expansion a=0

V <0 -
B e ==W
g, =—W= I\IkThKn V_ ! = NkT. In(Vp/Ve)
- A work depends on Isothermal Compression
B— adiabatic expansion v
> p T.T e
VB /VA = compression ratio
C —» D isothermal compression PAV,AT, T,=T.,
Vy
e =—w=NKT_/n v \J
© PsVeTs, Tg =Thot
D —> A adiabatic compression !
q=0
pAVCTC (T Tcold )
Ot = KT fn(v j+ NKT, Zn(V—Dj , v
V, Ve using Eq. 7.21 pDVDTD | TD :Tcold
Vg
Wot = —Ohot = Nk(T —T )f (V j s
’ PAVAT,




Maximum possible work requires reversible processes

AS; +AS, =0
system closed cycle
A
AS,, =AS; +AS;. =20
f' f r r' = 0 at equilibrium
AS, +AS.. =0
B local
surroundings
system

If reversible — both system + surroundings are restored
to initial state

AS =AS; +AS, +AS;. +AS,. =0



ASf  + ASr. =0 forrev. process

Carnot cycle each step assumed to be reversible

two steps are adiabatic=> AS =q/T =0

V
two steps are isothermalAS ,; _h Nk /n—=- V. V
Th A| = =—= = AScycle =
v V Vi Vo
ASCD =— = Nk/n—=2
T, B

Efficiency of an engine: Ratio of work done to heat transferred

1. take in heat g, at T,
2. perform work w adiabatically
3. expel heat g at T,

efficiency = 1 :_W:]__F& cycle
qh qh W= qh + qc
Tc
77 :1—_

T,



Free expansion of a gas is irreversible

free expansion of ga:‘, against 0 applied pressure ( Pext = O)

work =0

If done adiabatically q=0
AU =0
AU = C,AT =0= process is isothermal

What is the entropy change for free expansion at fixed 7?

ASem = NK/n [\ij >0

1
ASgyrr =0 ‘ q=0, soAS=q,, /T =0
AS,, >0

tot

Other irreversible processes:

e diffusion/mixing
* heat flow from hot to cold object
e friction



n=1-—
O

AS =AS, +AS, +AS,

AShzq—“, ASC:& or i=—L

T, T, G T
n :1_T_c want as large a temperature
T, differential as possible

Can only get 100% efficiency if T.=0 or T,=o

NOTE This has assumed no friction



Internal combustion engine

(b) w,=0
g, =AU, =C, (Tz _Tl)

(c) g, =0
w, =AU_=C, (T3 —T2)

(d+e) w=0
s =Cy (T4 _Ts)

() g, =0
w; =G, (Tl_T4)

a)ignition P
b) explosion Vi P2
c) exp work V2 Ps
d) exhaust Vi, Py
e) intake Vo, Py
f) compressionv,, p,

adiabatic

adiabatic

(a) Fuel Ignition

ik .

Ve Vi
(b) Explosion
x* - T
<kﬁ 1 1
Vo Ve

(c) Expansion Work

L

(d) Exhaust

(e) Intake

Y,

(f) Compression

' 4

Figure 7.7 Molecular Driving Forces 2/e (© Garland Science 2011)



NK/C,
Vs

compression ratios 4-10
Actually using the C,, value for octane (a major component of

n :1_(0.4)2/3 —0.46 gasoline) shows that it is hard to get above ~25 % efficiency

for the internal combustion engine.
2/3

n =l—(0.1) =0.78 Many cars are doing much more poorly than this.




