2.43 ADVANCED THERMODYNAMICS

Spring Term 2024
LECTURE 04

Room 3-442
Friday, February 16, 11:00am - 1:00pm

Instructor: Gian Paolo Beretta
beretta@mit.edu
Room 3-351d
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
Representation of notSE states and SE states
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
Adiabatic availability of notSE states
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Adiabatic availability (‘V): it is the part of the energy of A in a given state A,
which can be transferred to a weight with no other external effects. It is
obtained by means of rev.w.p. which ends in a stable equilibrium state, A,

« ltis zero iff the state is a stable equilibrium state
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
notSE and SE states of a thermal reservoir
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For a reservoir R:
« The s.e.s. curve is a line (all states have the same temperature, T)
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
Available energy with respect to a thermal reservoir

Max weight lift in a std. w.p. for AR:
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Given state A, and the reservoir R, the

— maximum weight lift obtains when A ends in
sl RereV state Az (mutual equilibrium with R) and the
standard weight process for AR is reversible.
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
a system in a SES cannot

release energy unless... receive entropy unless...
A A
nand Vfixed R and V fixed
."f; J."J;f
E_ S NSNS DS & sl E ————————————————
sl & /Asl s2 /'/AS2
4 .
__________ A N,
Ef’z - _T s2 E*-l _ — lAQl
——— l | |
> _ - >
) Se Sa =4 S S
To extract energy from a system in a To give entropy to a system in a
s.e.s., we must also extract entropy s.e.s., we must also give energy
Ssl_S.sz >(E51_E52)/7;1 Esz_qu >21(S.-,-2_Ssl)
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Review of basic concepts:

Necessary conditions for mutual equilibrium

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 04.07



Review of basic concepts: Consequences of the Maximum Entropy Principle:
Necessary conditions for mutual equilibrium

Two systems are in mutual equilibrium if the respective states are such that the
composite system is in a stable equilbrium state.

« Equality of the temperatures of the two
y B systems is a n.c. for m.e. if the two
f systems can exchange energy.

/
Diathe/‘,rmal wall

« Equality of the pressures of the two
systems is a n.c. for m.e. if the two A H B
systems can exchange volume. 7
Mova'éle pistone
« Equality of the chemical potentials of
4 4 B the i-th constituent in the two systems is
7 a n.c. for m.e. if the two systems can
Wall p/ermeable exchange the i-th constituent.

to the i1-th costituent
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and pressure equality at mutual equilibrium

System C' = AB System ¢’ = AB If A and B are in MSE
System A ] System B | [ System A [System B % in states Ao and By,
SES Ay SES By, SES A; SES B; 4+ then Cj is a SES. Then,
E¢ Ey EAENE | B % the MEP implies that
nA nB nA nB ] (' cannot be a SES
%% V2 VA+dV |VE —dV Q and therefore S < S§
= = = , 1.e. the strict inequality
SES Cy = AyBy State C; = A;B; (not a SES) GC — gA | gB S —59 <0

from entropy additivity
St =S5 = (7' +S7) — (S5 +87) = (87" = S5) + (S7 = 57)

from the fundamental relations for A and B and assummg dE and dV inﬁnitesimal

A
1
TAdE+TAdv+ Lz ,shy ... 75 (~dP) g(jg( dV) + 3 Lz sy
1 1 S 1 1
= (TA - TB) dE + @?4 — :];OB> dv+§d%,VSA+§d%,VSB+~-- <0
0 0 0 0
=0 =0

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 04.09



Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and pressure equality at mutual equilibrium

System C' = AB System C' = AB
System AT System B System A _System B CLQQ
SES Ag SES By SES A, SES B; +
A B A <
2) 2 B +dB | Ep—dE o
n n n n I
Vit Ve’ Vi +adv |VE—av 2,
SES Cy = Ay By State C; = A;B; (not a SES) SC — GA 4 Sé

from entropy additivity
SO =S¢ = (S{+ SP) = (S5 + S) = (Sf = i) + (SF - SP)

from the fundamental relations for A and B and assumlng dE and dV inﬁnitesimal

1
—ﬁdE+§34dv+ —d2 8% + o g () + ;];OB( av)+3 L8Py

(L - Vaes PPy dV + dVSA+ dVSB+---<0
ks TB T T, OB
=0 =0
For the inequality to hold for all choices of dE and dV, the terms in brackets

must be zero. Therefore, the second-order differentials must be non-positive,
i.e., the fundamental relation is concave in £/ and V

025 0?5 %S
BToE ——(dE)* + 8E8VdEdV + W(d‘/) <0

d%}yvs -
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If A and B are in MSE
in states Ag and By,
then Cj is a SES. Then,
the MEP implies that
'y cannot be a SES
and therefore S < S§

i.e. the strict inequality
SE — 858 <0
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and pressure equality at mutual equilibrium

System C' = AB System ¢’ = AB If A and B are in MSE
System A | System B System A |System B fes in states.Ao and By,
SES Ay SES By, SES A; SES B; 4+ then Cj is a SES. Then,
E¢ Ey EAENE | B % the MEP implies that
n? n® nA nB ] C cannot be a SES
%% V2 VA+dV |VE —dV Q and therefore S < S§
= = = , 1.e. the strict inequality
SES Cy = AyBy State C; = A;B; (not a SES) GC — gA | gB S —59 <0

from entropy additivity
SO =S¢ = (S{+ SP) = (S5 + S) = (Sf = i) + (SF - SP)

from the fundamental relations for A and B and assumlng dE and dV inﬁnitesimal

1
_ g Py d2 P+ (—dE) + P (—dV) + = d2VSB

If A and B can exchange
energy and volume, they
can be in MSE in states

ks IFs T2 TB Ap and By only if
11 A4 B A _ B
= 75— 55 | dE + p—a—p—OB dV + dVSA+ dVSB+---<o TO _TO
A 1% T4 A T8 Ty — A B
-0 =0 p 0o — p 0
For the inequality to hold for all choices of dE and dV, the terms in brackets
must be zero. Therefore, the second-order differentials must be non-positive,
i.e., the fundamental relation is concave in £/ and V
825 825 825 825 325
dp S = o ——(dE)* + aEavdEdV+ W(dV) <0 OE? <0 ov?2 % 0
T Yasars [ 25 17 o
OE?2 0V?2 OEOV
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and potential equality at mutual equilibrium

System C' = AB System C' = AB If A and B are in MSE
System A E System B System A E System B ‘:Eﬂ in states Ag and By,
SES 4y = SES By SES A, = SES B ¥ then Cj is a SES. Then,
E({‘ = E{)B Ea“ +dE = E(f)B — dE Eﬁﬂ the MEP implies that
ng = nZ nd + dn; = nB — dn; ) C cannot be a SES
nd Vi = nB VP nd VA = n/B VP S and therefore S < S§
— = a , l.e. the strict inequality
SES Cy = Ay By State C1 = A1 B; (not a SES) GC — gA | gB S —59 <0

from entropy additivity
S{ =S5 = (87 +57) = (S5 +55) = (i = 8") + (57 = 5¢)

from the fundamental relations for A and B and assuming dFE and dn; infinitesimal

R R —(—dE) - i (—dn;) + ~d2, SP +
T T 2 TP TP Yo
(L dE + o _ Hio dn-+1d2 SA+1d2 SP4+...<0

T TP TP Tg) 2 b 2 b

=0 =0
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and potential equality at mutual equilibrium

System C' = AB System C' = AB If A and B are in MSE
System A E System B System A E System B ‘:Eﬂ in states Ag and By,
SES 4y = SES By SES A, = SES B ¥ then Cj is a SES. Then,
E} = EPB El+dE = EB dE Eﬁﬂ the MEP implies that
ng = nZ nd + dn; = nB — dn; ) C cannot be a SES
nd Vi = nB VP nd VA = n/B VP S and therefore S < S§
— = a , l.e. the strict inequality
SES Cy = Ay By State C1 = A1 B; (not a SES) GC — gA | gB S —59 <0

from entropy additivity
SO =S¢ = (S{+ SP) = (S5 + S) = (Sf = i) + (SF - SP)

from the fundamental relations for A and B and assuming dFE and dn; infinitesimal

1 B 1
_ g Mg, d WS4 (—dE) — £ (=dny) + 5dis,,, 5" +

T T TP B
1 1 B A 1 1
= (F — TB) dE + (’;g — gﬁg) dn; + §d§5,m51“ + §d%’niSB +.-<0
0 0 0
-0 =0

For the inequality to hold for all choices of dE and dn;, the terms in brackets
must be zero. Therefore, the second-order differentials must be non-positive,
i.e., the fundamental relation is concave in E and n;

0%S 825 %S

ag2 E )+ 2 9Eon, Nt 5

1

3.5 = (dn;)” <0
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Proof of temperature and potential equality at mutual equilibrium

System C' = AB System C' = AB If A and B are in MSE
System A E System B System A E System B ‘:Eﬂ in states Ag and By,
SES 4y = SES By SES A, = SES B ¥ then Cj is a SES. Then,
E} = EPB El+dE = EB dFE fﬂ the MEP implies that
ng = nZ nd + dn; = nB — dn; ) C cannot be a SES
nd Vi = nB VP nd VA = n/B VP S and therefore S < S§
— = a , l.e. the strict inequality
SES Cy = Ay By State C1 = A1 B; (not a SES) GC — gA | gB S —59 <0

from entropy additivity

S SC (SA +57) - (SS‘ + S(])B) = (514 - SS‘) + (57 - S(?) If A and B can exchange

from the fundamental relations for A and B and assuming dF and dn; infinitesimal energy and constinuent ¢,
B 2 .
Hio Ay 1 ) g B they can be in MSE in
——dE —dn; + d S -+ —= (—dFE) — —dn;) + =dy  S” + ... _
ks TA B (—dE) B ( ) Byns states Ay and By only if

1 1 pE B L A Loy B TA p— TB
= | = dE = — = )dn; + =dy S —dg . S - <0 -
) (o poreipres L, TR TG
=0 =0 Hio = Hio
For the inequality to hold for all choices of dE and dn;, the terms in brackets
must be zero. Therefore, the second-order differentials must be non-positive,
i.e., the fundamental relation is concave in E and n;
525 , &S &S 25 <0 5«0
%, S = —(dE)? dEdn; + —(dn;)*> <0 B2 = P
o252 _ [ 025 17 g
OE? on? O0EOn; —

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 04.14



Review of basic concepts: Consequences of the Maximum Entropy Principle:
Concavity of the fundamental relation

In a similar way, we can prove that the fundamental relation is concave
in all its independent variables, i.e., that in any SES the Hessian of the
fundamental relation S = S(E,n,V) is a negative semidefinite matrix

Hessian(S) =

s o
8E2 8E8n1
%S 0%S
0%S 0%S

on,0F 0On,0n;
%S 0%S
L OVOE 0Von,g

The full second-order differential of S = S(E,n,V) is

szE,n,V = (dE, dnl, 5 0

., dn,,dV') - Hessian(S) - (dE, dn,, ..

%S 0?5 T
OEOn, OFEOV
028 0928
8n18nr 87118‘/
%S 0?8
on?  On, 0V
%S %S
oV on, ov?z |
dn,, dV)T <0

From these properties it is possible to prove a number of general inequalities
that must be satisfied by stable equilibrium properties.
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Surface tension and Young-Laplace equation

BC D 7

B

B and D: bulk phases
(confined in 3D geometry)

immiscible gas dispersion liquid and
C: interfacial region liquids in a liquid its vapor
(confined in 2D geometry) (oil & water) (air & water) (steam & water)

Mutual equilibrium between B, C', D where:

0SB pP OED
B _ gB(pB /B B _ b B _ _
=B (aV) 5 7 (aVB)SB,nB
0S¢ o€ OE°¢ surface
C _ oC/pC AC ..C __ - ¢ _ (2=
SY = SY(EY, A% ,n") ((MC)EQHC 76 O o (MC)SC,RC tension
0SP pP OEP
( J Y n ) avD ED ’nD TD Or p avD SD ’nD

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 04.16



Review of basic concepts: Consequences of the Maximum Entropy Principle:
Surface tension and Young-Laplace equation

Q

System F'= BCD System F'= BCD Li If B, C, D are in MSE
%ﬂ in states By, Cy, Dy,
+ then Fjy is a SES. Then,
m the MEP implies that

B C D B C D T F| cannot be a SES

. and therefore SI" < S
K i.e. the strict inequality

SES Fy = BoCyDy State I} = B1C1 D, (not a SES) SF — 9B 4 gC _|_:SD Sf — S(l)p <0

from entropy additivity
Si =Sy =(S¢ + Sy +57) = (Sg + S5 +85°) = (S =S¢ )+(S1 =85 )+(S¢’ —Sp)

from the fundamental relations for B, C', D, assuming infinitesimal dE’s, dV'’s, dA

L apr e D gy oy L gpe C 0 que o L gpn B gy
Ty Ty Ty Ty Ty Ty

assuming T8 = T = TP =Ty, dEP + dEC + dEP =0
ul = u$) = ul = pio, dn? + dn{ + dnP =0 Vi and using dVP = —qV'P

1
=0 (pd —py) dVP — 0§ dA] 4+ -+ <0
O\ 7

=0
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Surface tension and Young-Laplace equation

System F'= BCD System F' = BCD

EB+EC+ED

B C D B IC D

EF

SES Fy = BoCyDy State Fy = B1C1D; (not a SES) gF _ gB e _:SD

from entropy additivity
Si =Sy =(S7 + 87 +57) = (S§ + S5 +87) = (57 =57 )+(St =S5 )+(57—Sy)
from the fundamental relations for B, C, D, assuming infinitesimal dE’s, dV'’s, dA
1 pB 1 ot 1 pP
=——dBEP + ZdVB .. 4+ —dE° — L dA® + .. + —dEP + LavP + ...
T TP N L
1
= TO[\(pOD—pOB)dVD—JgdA(i]+~~ <0
=0

Let us first see what we get if we assume that C' has spherical shape of radius R. For

an infinitesimal displacement de = dR,

AY =47R*  dVP =4nR*de  dA° = 4nw(R + de)® — 47 R* ~ 87 R de

(0P — pP) 47 R? — oC8nR]de =0 Vde = p(l))

=0

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics

If B, C', D are in MSE
in states By, Cy, Dy,
then Fjy is a SES. Then,
the MEP implies that
F| cannot be a SES
and therefore SI" < S
i.e. the strict inequality

SF—SF <0
B 20 g
R
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Surface tension and Young-Laplace equation

System F'= BCD System F' = BCD

EB + B¢ + EP

B C D B IC D

EF

SES Fy = BoCyDy State Fy = B1C1D; (not a SES) gF _ gB e _:SD

from entropy additivity
Si =Sy =(S7 + 87 +57) = (S§ + S5 +87) = (57 =57 )+(St =S5 )+(57—Sy)
from the fundamental relations for B, C, D, assuming infinitesimal dE’s, dV'’s, dA
1 pB 1 ot 1 pP
=——dBEP + ZdVB .. 4+ —dE° — L dA® + .. + —dEP + LavP + ...
T TP N L
1
= TO[\(pOD—pOB)dVD—JgdA(i]+~~ <0
=0

Let us assume instead that C' has cylindrical shape of radius R and length L. For an
infinitesimal displacement de = dR keeping L fixed,

AY =27RL  dVP =27nRLde  dA® =2n(R +de)L — 2nRL = 2nL de

D
[(pOD—pé?) 27TR—00027T]Lde:0 Vde :> po

NS 7

-~

=0
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If B, C', D are in MSE
in states By, Cy, Dy,
then Fjy is a SES. Then,
the MEP implies that
F| cannot be a SES
and therefore SI" < S
i.e. the strict inequality

SF—SF <0
C
_ B — 99
0 =
R
Slide 04.19



Review of basic concepts: principal radii of curvature

I -
- -

-

Osculating . !
. ne ’ ¥ Osculating !
circle with ’ . . . .
. ’ ’ circle with 7
maximal ’ . . . ’
. R+ minimal .
radius R s ) ’
’ radius R ’
and center ¢, \ ,
\ and center ¢g,-
-\‘\.\ ,o

JPias Osculating
g circle with
L4 . .
e minimal
/7 .

y . radius Ro
/~ Osculating ‘
A . and center ¢a ;
¢ circle with !
1 N ]
' maximal .

radius R

1
1
1 and cente

\ and center ¢;
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Review of basic concepts: principal radii of curvature
and area-to-volume change upon surface displacement

dA’ = d¢,dl, = (Ry + de) (R, — de) d6,db; o

! d6 $0\\ o '
dA = dfldfg = R1R2 dgldgg .'2 : ‘|
A =dA — dA = (—R; + Ry) dedb,db, [ - ' !
0V = dAde = Ry Ry dedfydfly  _oc---mm7TTTTII I e . % i
0A —Ri1+ Ry 1 1 O.sculatl.ng ¥ Osculating :"
e - circle with \ ircle with ‘
oV Ri Ry Ry Ro maximal J; o crrele with ,;
Al — R1 df radius Ry \ g.. mgmnal s

! 1 and center ¢ ‘\\\ radius Ry L7
dls = Ry dbs .\\\ and center fz’
W .

d¢}, = (Ry +de) dé,
df’ = (RQ — dE) d91

dA’ = A,y = (Ry + de)(Ry + de) d6,db,
dA = d¢1dls = Ry R» A6, d
§A =dA' — dA = (Ry + Ry)d=df;db

oV =dAde = RlRQ d5d91d92 T, 7
% i+ Ry L + L /"’ Osculating
5V RiRs - R, Rs Rl circle with
2 inimal
dly = Fy do, : radivs R
’ Osculatin )
dls = Ry dbs ’I, circle witl% and center e i
df’l = (Ry + de) db, :’ maximal !
, | radius 1)
dt; = (R + de) db, | and center ¢
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Surface tension and Young-Laplace equation

System F'= BCD System F' = BCD If B, C, D are in MSE

in states By, Cy, Dy,
then Fjy is a SES. Then,
the MEP implies that
F| cannot be a SES
and therefore SI" < S

, lLe. the strict inequality
SES Fy = BoCyDy State I} = B1C1 D, (not a SES) SF — gB 4 gC 4 gD Sf — Sér <0

EB + B¢ + EP

B C D B IC D

EF

from entropy additivity
Si =Sy =(S7 + 87 +57) = (S§ + S5 +87) = (57 =57 )+(St =S5 )+(57—Sy)

from the fundamental relations for B, C, D, assuming infinitesimal dE’s, dV'’s, dA

1 5 1 ¢ 1 D
:_dEB—i—p_OdVB‘|‘"'+—dEC—U—OdAC+---—|——dED_|_p_OdVD+_”

Ty Ty Ty Ty iy iy
1
:To[ngD—pOB)dKD—JgdAC:]—i—'”<0 D B
=0 Po —Po =
More generally, assuming small local displacement de = delg, g, (see following slides), C 1 1
AY = / / RiRydbhdf, — dVP = / / Ry Ry de df db, I Ri 7 Ry
C C
dA° = // [(Ry + de)(Ry £ de) — Ry R5] df1dfy ~ // (£R1 + Ry) de dbdbs /ﬂ\
C C

1,1 Py — Py
// [(p = p0) BB — 0§ (£Ry + Ra)], ,, dely, g, drdr =0 Vdely, o, = {ﬁ + R—} ==
C ’ 1 210,05 oy
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Review of basic concepts:

proof of Clausius statement of the Second Law

System A

Initial SES A4,
at T

6EA—>B

Final state A,

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics

68A—>B

System B

Initial SES B,
at TP

Final state B»
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Review of basic concepts: nonwork interactions

proof of Clausius statement of the Second Law (1/6)

System A
' (5F.-1—>B

[nitial SES A, |
it T]\ (55"4—)3

System B

Initial SES B,

at TIB

Final state A, Final state By

E
E‘4 e
P o8

= S.-l

B4
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Review of basic concepts: nonwork interactions
proof of Clausius statement of the Second Law (4/6)

Principle of maximum entropy and
TR A | g || SHEHS fundamental relations of A and B:*
[nitial SES A, [ Initial SES B,
at TA 5SA—B ot T i dEA az‘S’SES (dEA)E dEA
| | - R o I Sl
2A Tl OF EA 2 3A Tl
Final state A, Final state B, !
A
| 2 dEB 9?8 (dEB)? dE®
A v B SES
E‘A A /T § gda = = i - —
.——-—~1 ()‘E“1_’B T Il 2B T]_ aE E:{_B 2 3B Tl
L]
B, gB
>
. 54

* For either A or B: E2 E1 -+ dE 32 Sl -+ dS

dE | Ssps|  (dE)’
T ' 0E? |, 2

82 < SQ,max = SSES(El 1 dE, Va n) = Sl +

Energy and entropy balances for A and B:

dE" = -4 % d8* = =09 L 45 68 > 0
JE? = sE4E dgE = 55“3 1o 692 >
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Review of basic concepts: nonwork interactions
proof of Clausius statement of the Second Law (5/6)

Energy and entropy balances for A and B:

dB =g
dEB _ 5EA—>B

d84 = —6847F 1 854

1rr

dSB = 68478 4 558

1Irr

054 >, 0

652> 0

1rr

Principle of maximum entropy and fundamental relations of A and B:*

e dEY  0°Sgrs|  (dEY? _ qg*
T OE? |ga 2 Tl

e dEP  PS&s| (dEP)? = I
S5 T 2 " ="mB
2B T]. aE ElB 2 3B Tl

Combine the above (eliminate dE4, dEP, dS4, dSP):

5EA—>B 5EA—>B
—Joeali g i & a9 1552 =
B s TlA a o538 TlB
Solve for 6545
A—B A—B
oF — < 0847 - 587, <6547P <5947 F 558 < oF
Tl 2A,3A 1A 1B 2B,3B Tl
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Review of basic concepts: nonwork interactions
proof of Clausius statement of the Second Law (6/6)

Energy and entropy balances for A and B:
System A Svstem B
ystem 5E:AB vstem dE'A _ _5EA—>B dSA — _5SA—>B 4+ 55;;1][ 5Sifr 21,4 0
Rl PRV R i dEP = §EAP dS® = 55477 4 555 658 >, 0
Principle of maximum entropy and fundamental relations of A and B:*
Final state A, Final state By
B A 2 QA EA 2 EA
e E dSASdEi 0" S¢ps (dE7) °-°SdA
Al .-"311‘ B 2A Tl OFE? EA 2 3A Tl
'"""""?-’_" "(;-EZSE" ] —— !
. '.B
L 58 4S5 < dE?P n 0?55 (dEP)? < dEB
o SA 275’ TlB 8E2 E{B 2 373 TlB
Combine the above (eliminate dE4, dEB, dS4, dSP):
Consequences of
5EA—>B 5EA—>B
SEA-B SEA-B —6847P 4658 < — — 68478 +5SB < -
< §SA-B « 22 24,3A TY 2638 1]
U ~ TP

Clausius statement:
SEATB >0 only if TA > TP

Heat interaction:
in the limit T{* — Tg + TP

5EA—>B

551A—>B _
T

Solve for 6545

5EA—>B 5EA—>B
— < 6877 658 <6517F <5547 F + 658 < —
Tl 2A,3A 1A 1B 2B,3B T]_
* For either A or B: Es = Ey +dE, Sy = S1 +dS,
dE 98 dE)?
Sy < Sg’max = SSES(EI +dE,V, n) =51+ ?1 + 6ESQES . ( 2) ..
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graphical proof of Clausius inequality (infinitesimal transfers)

5EA%'B 5EA%B
——— < 897 650, <58 <597 + 658 < ———
T]_ 2A,3A 1A 1B 2B.3B Tl

i
2 |lmax

» 0SB

1rr
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graphical proof of a more precise Clausius inequality
valid for finite transfers of energy and entropy

SéBES(EiB+EA—>B7VBJnB)_SiB g SA%B g Siq_S?ES(Efl_EA—)vaAanA)

—B |
min
: >
A 5
2

s [
min 2 | max

B
min =2

max

Systems A and B are initially in SES and interact directly without other effects by
exchanging a finite amount E4 78 of energy. Such exchange can occur only if there is also an
entropy S48 transfer, at least S47%|,,;, but no more than S4=5|

Imax:*
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Next:
Work interactions
Adiabatic process

Non-Work interactions
Heat interactions

System A R System B
Initial SES A, [ | Initial SES B,
at T 05 at TP
Final state A, Final state By
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