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Intake valve Exhaust valve Both valves closed Intake valve ~ Exhaust valve
open closed e

Intake stroke: Pi Compression strokd Ignition: Spark\plug Power stroke: \Hot burned
moves down, causing a Intake valve closes; ignites mixture. mixture expand}, pushing
partial vacuum in cylinder; ixture is compressed as piston down.

gasoline—air mixture enters

through intake valve.
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H Cold reservoir m Cold reservoir

Qi

Hot reservoir Hot reservoir

n Space

Sun

FIGURE 1. CLIMATE AS HEAT ENGINE. A heat engine produces
mechanical energy in the form of work W by absorbing an amount
of heat Q,, from a hot reservoir (the source) and depositing a
smaller amount Q,, into a cold reservoir (the sink). (a) An ideal
Carnot heat engine does the job with the maximum possible
efficiency. (b) Real heat engines are irreversible, and some work

is lost via irreversible entropy production T8S. (c) For the climate
system, the ultimate source is the Sun, with outer space acting as
the sink. The work is performed internally and produces winds and
ocean currents. As a result, Q, = Q.



—{EEREAVE IS ek
R 5 [EEAY IR 45 SR AR |

IEA &5 1850

Rudolf Clausius 7225 {&HL



FIRTA AR R (R IR R TR 2 AR

T )

QL Iy
=g ——= ,

n T e l
9 ATL E =
QH% o

Q.

Qu_0Gu l
T, = T ([ T )

—  JEE “Qu Q.75 Al RIS E I E R AR AT W ELE Q
EBEEIZ TR INHYEAEQ = 0 -
—QL O z Qi Z Q
+ — — —
thy T AR T S A (] 2 R I; L (] 2 1 FE i
BRSO B BB E TR AT

0=

il

=0 HEUERE e RA: - B R



HIRTA A ATHY T A (B R IR E R B TR AEER |

T
-2 gL

Qu Ty

TEaghe Y 1< Rl

cr

AHHS [ZAYQL » PEATHI5 (B2 —LL -
A58 Qy - LEA 5[/ D —
HIRER R RN ~ B E AT E

—_—

DL R P o R 2 (] — e Y R A B AN R Ay AR A G 72



AR (3 A EVE RERERVE TR | WA (EfEE

(E—ETEERER o] DA RaT 2%/ R 5 [ BB RAVGH S | A1 NElAS

ERGH G - FREEAVE g N5 EAH O | R N E&HEE |

NIL - HES/NREEER SRR - S E—TEERA —(EEEnRav 2Tl -
p }jxt)\gu:\lbi](;t;::ilkll p Approximating the

Eq\- 7 B path of the cyclic

\:Ll process by a series

\\ of Carnot cycles

AQ; * SHIEEIR
/INAEFE RN -

5 ————V 0 V
Q; AQi _ . EIEHTE Y SEE |
l:[ N2 \ Ahfe Z /\ — — — 0
AT e TRER S Zt - ; T pHEmAEERATED -

SR BT IR - FIpt R IR Hh R AT 4R BE oy o j£

B TR B A S G ER AN -



p Reversible cyclic Anproximal
process for an ideal ppm)‘umalmg‘lhc

, path of the cyclic
process by a series
\\ of Carnot cycles

’
o
o* o

o8
g4as

# Isotherms

Ti Ti
carnot cycle
" RV AQ; dQ
BFEHPRITREE . ) 70<0 mmp $5<<o
cycle l

d
S $F S0 Clausius s



p Reversible cyclic
process for an ideal

gas

# Isotherms

HIFTAHY A P EER

dQ
ST R 0 f— <0

- fe] B - fd_Q =0

P

Approximating the
path of the cyclic
process by a series




EEERA —EE AR

1)

(=

ro

Area = Hr;,ng
e LA E s B ME—
%
FirA Y A AR 75 (&5 R B AR TR BRAFAHL !

RIEEFeA 7] DUE T — (S E DU BERVARRR EREYL S i e BE IR BLEE E = ALAE |
IFEHAI BRAEAE - SELHEBERE |
S TSALY,
SesinT | frREzE % IATh |
YT AQ - =
AQEAEIR/NIHE  AS =— <= AU=-F-A3

R T NREZAN > VI RS EANES —(EGR LA MRAIREYE E |



| al
\
|

no
S
Il
|
U =
T
QL
vy
~

(l "~ "t

b
W, F(#)-d3 W, = J F(#) -d3
g iz

a 1IR1E a2
W = —AU = —U(b) + U(d) RFIRTEEE BAR
firfEE HR— A BATME (A2 NSRRI R -
(i RN TEZEERESIRIL » DA TE BRI |
YHEB RS Wy =W,  (IAEEEAERI SR
TR LG ARRT TITE B fRSFHT » AT DLDU RERGAL -



i [ R P AR S — (B 2

l 2 “/) | o /
(l “’ 2 (l 9]
(I RE TR T — Wy =W, HHEE MR

RHEATHYESTR 2 BERAE 1 dHR— RS R !

-

Wy =W, = 0= FedS  SufE—(EBIBSS » HIFT{FAIIIS A |

pF-d5=0 ot

PRSI REEZRALAE |



Entropy, 1850 i
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I propose to name the quantity S the entropy of the system, after the Greek
word [tponn trope], the transformation. I have deliberately chosen the word
entropy to be as similar as possible to the word energy: the two quantities to
be named by these words are so closely related in physical significance that a
certain similarity in their names appears to be appropriate.
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Table A-18

Properties of superheated refrigerant 134a (CF;H,)

(T, °C; v, m3/kg; v, ki/kg; h, kl/kg; s, ki/kg-K)

T v u h ) v u h
0.6 bar (0.060 MPa) (T, = —37.07°C) | 1.0 bar (0.10 MPa) (T,,, =
Sat. | 0.31003 | 206.12 | 224.72 | 0.9520 | 0.19170 | 212.18 | 231.3
=20 | 0.33536 | 217.86 | 23798 | 1.0062: | 0.19770 | 2162k | 2368
—10 | 0.34992 | 22497 | 24596 | 1.0371 | 0.20686 | 224.01 | 2447
0 | 0.36433 | 232.24 | 254.10 [ 1.0675 | 0.21587 | 231.41 | 2529
10 | 0.37861 | 239.69 | 26241 | 1.0973 | 0.22473 | 238.96 | 2614
20 | 0.39279 | 247.32 | 270.89 | 1.1267 | 0.23349 | 246.67 | 270.0
30 | 0.40688 | 255.12 | 279.53 | 1.1557 | 0.24216 | 254.54 | 278.7
40 | 0.42091 | 263.10 | 288.35 | 1.1844 | 0.25076 | 262.58 | 287.6
50 | 0.43487 | 271.25 | 297.34 | 1.2126 | 0.25930 | 270.79 | 296.7
60 | 0.44879 | 279.58 | 306.51 | 1.2405 | 0.26779 | 279.16 | 305.9
70 | 0.46266 | 288.08 | 315.84 | 1.2681 | 0.27623 | 287.70 | 315.3
80 | 0.47650 | 296.75 | 325.34 | 1.2954 | 0.28464 | 296.40 | 324.8
90 | 0.49031 | 305.58 | 335.00 | 1.3224 | 0.29302 | 305.27 | 334.5
1.4 bars (0.14 MPa) (T, = —18.80°C) | 1.8 bars (0.18 MPa) (T, =
Sat. | 0.13945 | 216.52 | 236.04 | 0.9322 | 0.10983 | 219.94 | 239.7
—10 | 0.14549 | 223.03 | 243.40 | 09606 | 0.11135 | 222.02 | 242.(C
0 | 0.15219 | 230.55 | 251.86 | 0.9922 | 0.11678 | 229.67 | 250.€
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Process quantities

Work W

Heat QO
2

These quantities
depend on the process.
For gases, they depend
on the path through
the pV diagram.
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Change

State variables

Thermal energy E,,,
Pressure p
Volume V

Temperature T

r‘t
firfe U

TICL,
@ &
)

The change in these quantities,
such as AT = T; — T, does not
depend on the process. The change
is the same for any process taking
the system from an initial state 1

to a final state f.
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14.1 Definition of entropy

In this section, we introduce a thermodynamic definition of entropy. We
begin by recalling from eqn 13.26 that f dQrev/T = 0. This means that

the integral 5
/ dQrev
A T

is path independent (see Appendix C.7). Therefore the quantity dQyey /7
is an exact differential and we can write down a new state function which
we call entropy. We therefore define the entropy S by

dQrev
1S = ; 14.1
C o (14.1)
so that B 4
S(B)—-S(A) = / (?Zfev, (14.2)
A

and S is a function of state. For an adiabatic process (a reversible
adiathermal process) we have that

dQrev = 0. (14.3)
Hence an adiabatic process involves no change in entropy (the process
is also called isentropic).
14.2 Irreversible change

Entropy S is defined in terms of reversible changes of heat. Since S is
a state function, then the integral of S around a closed loop is zero, so

that
erev
= 0. 14.4
= (14.4)




Let us now consider a loop which contains an irreversible section (A—B)
and a reversible section (B—A), as shown in Fig. 14.1. The Clausius
inequality (eqn 13.34) implies that, integrating around this loop, we have

that
aQ
—< <0. 14.5
[EE (145)
Writing out the left-hand side in detail, we have that
B A
dQ erev
—= =T <0 14.6
[T [ Se<o (14.6)

and hence rearranging gives

/B 4Q _ (7 dQrev

A T —Ja T

. (14.7)

This is true however close A and B get to each other, so in general we
can write that the change in entropy dS is given by

erev dQ

ds = T > T (14.8)
The equality in this expression is only obtained (somewhat trivially)
if the process on the right-hand side is actually reversible. Note that
because S is a state function, the entropy change in going from A to B
is independent of the route.

Consider a thermally isolated system. In such a system d@Q = 0 for
any process, so that the above inequality becomes

049

This is a very important equation and is, in fact, another statement of
the second law of thermodynamics. It shows that any change for this
thermally isolated system always results in the entropy either staying the
same (for a reversible change)! or increasing (for an irreversible change).
This gives us yet another statement of the second law, namely that: “the
entropy of an isolated system tends to a maximum.” We can tentatively
apply these ideas to the Universe as a whole, under the assumption that
the Universe itself is a thermally isolated system:

Application to the Universe
Assuming that the Universe can be treated as an isolated system, the
first two laws of thermodynamics become:

(1) Utniverse = constant.

(2) Suniverse can only increase.

The following example illustrates how the entropy of a particular sys-
tem and a reservoir, as well as that of the Universe (taken to be the
system plus reservoir), changes in an irreversible process.

v

Fig. 14.1 An irreversible and a re-
versible change between two points A
and B in p-V parameter space.
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I. On the Moving Force of Heat, and the Laws regarding the
Nature of Heat itself which are deducible therefrom. By
~ R. Cravsius¥,

THE steam-engine having furnished us with a means of con-

verting heat into a motive power, and our thoughts being
thereby led to regard a certaini quantity of work as an equivalent
for the amount of heat expended in its production, the idea of
establishing theoretically some fixed relation between a quantity
of heat and the quantity of work which it can possibly produee,
from which relation conclusions regarding the nature of heat
itself might be deduced, naturally presents itself. Already, in-
deed, have many instructive experiments been made with this
view ; I believe, however, that they have not exhausted the sub-
ject, but that, on the contrary, it merits the continued attention
of physicists; partly because weighty objections lie in the way
of the conclusions already drawn, and partly because other con-

Clausius jRFE0JJEL A E EEE R IEHERT I 2



rendered necessary by our maxim.

In the annexed figure let oe
represent the volume, and ez the
pressure of the unit weight of
gas when its temperature is ¢ ;
let us suppose the gas to be
contained in an expansible bag,
with which, however, no ex-
change of heat is possible. If
the gas be permitted to cxpand,

no new heat being added, the
temperature will fall. Toavoid
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Example 14.2

Consider two systems, with pressures p; and ps and temperatures T
and T5. If internal energy AU is transferred from system 1 to system 2,
and volume AV is transferred from system 1 to system 2 (see Fig. 14.3),
find the change of entropy. Show that equilibrium results when 7} = T5

and P1 = p2.
AU, AV Solution:
Tl - T2 Equation 14.18 can be rewritten as
1
P1 P2 ds = —dU + %dv. (14.24)

If we now apply this to our problem, the change in entropy is then
straightforwardly

AS = (i - i) AU + (p—l - p—2) AV. (14.25)

Fig. 14.3 Two systems, 1 and 2, which
are able to exchange volume and inter-
nal energy.

AT B 7y Ty

Equation 14.9 shows that the entropy always increases in any physi-
cal process. Thus, when equilibrium is achieved, the entropy will have
achieved a maximum, so that AS = 0. This means that the joint system
cannot increase its entropy by further exchanging volume or internal en-
ergy between system 1 and system 2. AS = 0 can only be achieved
when T1 = T2 and P1 = p2.



N, + 3H, — 2NH,
ALK ER T FEn (EHE) AHEEE > EEBE R MNE ] DI -
At — (BB 1LY BB o

=1{EFERE : P, T,n Energy E(P,T,n;)



HFINILZE
FTERYA] AR AS =0
FRIARY AR © AS>0

ERREIILZ% > B PR |
FER S R BRSNS TR o] DA B S S M S B R



JE X TE

Environment T

System

T
Q

MRS (FNEFEERE ) ) &

F = Eine =TS Free energy

AF = AEy —TAS = Q —TAS  SEBEZ R

Q=g Q

= — by - - o a7

Q Qf}?@% TASE;-&% AS}% B = = = =

F = —Qpuyy — TAS = —T (ASgmys; + AS) = ~TASiora AF <0

TEAE M I Free energy A REWENN - NILEE @R F 85/ METIEL -



B

/—‘—r\‘ ——
JE Jm A

Environment T

System

T
Q

RERG (NERIRE | ) EF—(EHHIIRREE

G=En,+PV—-—TS=H-TS Gibbs free energy

AG =AH —TAS = Q —TAS EIHERRT
Q= —Qpmyy = ~TASpmyy

= —Qpyzy — TAS = T (ASgeysy + AS) = ~TASo0a)

AG <0



Thermodynamic
potentials are
useful for the

description of F
non-cyclic - U-TS
processes. Internal Helmholtz

energy free energy

U = energy needed to F = energy needed to
create a system create a system

PV minus the energy
+ you can get from
the environment.

H = U+PV G = U+PV-TS

They are used Enthalpy Gibbs

along with the free energy

First Law of H=energy neededto | G =total energy needed

Thermodynamics. create a system to create a system
plus the work and make room for

System work and needed to make it minus the energy

room for it you can get from
entropy play a the environment.
major role.




TE o E B T LER S
N, + 3H, — 2NH;
EARGEEEE (HILBE) - EEARE -
BT7RVEE S (EEEEAR) » MR E -

REEAE 7 [ — (- ks -
ANERE_EREKT AG<0
N EE TR G VYT R E) - —EFIG B/ NFAE I

(LM EE  AG =0



Extent of reaction,




N, + 3H, - 2NH;

LB T 8in (ZHED) AHEERE EEBRER MER L
PR b — (R R T A AR -

=(EpEE . P, T,n Gibbs Free Energy  G(P,T,n;)
TEERE T > GHY/NELAGEAR T8/ NE (LA AR IEEE

AG(P, T, Tli) = Z,LLL(P, T,Tli) y Ani
i

u; (P, T,n;){tEEE Chemical Potential
Sh—2H i N FFrE ey ¢ BVE L
EIRYGCEER

G = Zniﬂi
i



{EERERY R

FFERE  HEETRE T

AnR = —AnL

=

TEBRTE M N

AG = Ang - pg + Any, -y, = Any, - (ug — )
NFE2EE 6 EvNE AG =0
Hr = UL

(LR F IR E 215 V-1



Ur = U,

TR :TL
A

PR:PL

B IIHF A E TIF

L]

f




TE o R NV EER S E

T A (LR R JECD > 4% SR B S R B I e T T -

N, + 3H, - 2NH;

AG =0 ~FEErRRG:
AG = z wi - An; = (un, - Any, + pg, - Ang, + png, - Angg,) = 0
i

ATlNZ:ATlHZ: ATlNH3 =—-1:-3:2

AG = (un, - Any, + pp, - Ang, + ping, - Anng,) = (—#n,€ + pu,3€ + pnp, 2€) = 0
—un, — 3un, + 2unn, =0

MFEEM [ SRAsH B2 BRAYRE (% -



it

HMFTEEM T - RAGHI{EE2AE B E BR TR (% -

= =X /.

Z

S=Sy,—nRInP +ncpInT

G = Eyy + PV — TS
= ncyT + nRT — TSy + nRTInP — ncpT InT
= —TS) + ncpT + nRTInP — ncpTInT

TEmERE T > GHY/NE BB T3/ NE LR IEEL

dsS;
AG=—Td—nO-An+An-cpT+An-RT1nP—An-cpTlnT=An-u

!/

d
u(P,T) = —Td—no + cpT — cpTInT + RT In P

FEREMm I AA g —THELRE T TR
HatTatEn © ARERRE AT DAL — AR BE Py NHAEERRE p(Po, T) RN

P
u(P,T) = u(Py, T) + RTlnF
0

u(Po, T) I LA E R YFR |



P
—pUn, — 3Uu, + 24NH, = 0 u(P,T) = u(Py, T) + RT In—

Py
DL SR ] LB AK

P Py Pnw,
_1 (MN2 POZ) 3 (HHZ POZ) + 2 (MNH3O + RT In P ) —0
P, P AG,
In—2 2 — 2 _3
PNH P2 RT( HNHz;0 — UN,0 .UNZO) RT
AGo RsPo, THF » 1F AN EENH B II2 = HRFHYGHYSE L > HE T EEGETREEE] -
P& P? AG
lng 0 — ¢™®T | Law of mass action
Py, P, ,
. n.
BERIEAE TR S ER T BRE T8 . 5= —
ngu.n AG . AG
l:Hs ) ﬁg == e—R_79 l:HS = e R’19
", "IN P =P, MH, N,

AGoRR > I FERE > BEA S e



AGo FyPo, TH > 145 S EENH3 N2 HEFHIGHYZAL -

N, + 3H, - 2NH;
AG, = AHy — TAS

HH It S e — R SRR AT A m 15 A

FEAERAE N fy—92.22K] » FrlAaAG S fE g [ {KH -

A E AR AR D Gl 85808 ) - TAS = 59.12K]

AR T [ ARYEESS © AGy = AHy — TAS = —32.9K]

PETRUEAERCGN ([HERER ) B IIE R E S50 ALTE T 2ZhY -
S ISRV E N - NP e | INEsE Ry ES: -



N;(g) + 3H,(g) —» 2NH;(g) + A(hear)

Equilibrium condition
Kc

100% Reactants
(enthalpic

penalty)
100% Products

(entropic
penalty)

—

e
>
>
]
€
@
@
2

w

Minimum Free Energy

AG=AH-TAS=0
AH =TAS

-——
Course of Reaction




T Y E B RERS  RIHTP e (R o BEEsREEAL !

Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolt
light and matter are coupled separate Atoms start feeling The first stars and

Dark matter evolves * Protons and electrons  the gravity of the galaxies form in the

independently: it starts form atoms cosmic web of dark densest knots of the

clumping and forming - Light starts travelling ~ mMatter cosmic web

a web of structures freely: it will become the

Cosmic Microwave
Background (CMB)

C © o0 0‘ ) o =
0 . i~ o » [ J  J
..'.? 2.0’2. .e' ..- ”' » ’ g 'o ‘e ’ ¢ ...' °
..o.{. r;. ® ..N. % Y “. ~ e. ‘o € ‘. . ® o ® .' « ® ® .. ) o
c 900 - o - 2 b g n 2 <o i @ St () B A . . ° ° ° .
... o .’\'. ] o © ’ - @ ’ : N‘ . .. ' .. ® ¢ 2 .. ‘. LI [ = 9 . ® Y
z . . e . . - 8 . ‘L ° . o 2o Ao - .\/ G .\/\./\/\/'\_, r\/‘\/\_/\./\/\/:\_,
"'. ...02‘ P o C 9 . ) ( VN TN .. °® o ..
e 9 ‘e (& T e ‘o o B e
Frequent collisions As the Universe expands, Last scattering of The Universe is dark as  Light from first stars and Light can interact
between normal matter particles collide less light off electrons stars and galaxies are galaxies breaks atoms again with electrons
and light frequently 2 Polarisation yet to form apart and “reionises” 2 Polarisation

the Universe




NDOF MATTER l
EL P(“I‘IﬂWPAI DOMINATION

rFormatioa of + Formation

Big Bang Nucleosynthesis BBN  straetwre  ofatemx  Recombination

Regins « Decoupling ol ]
Quark Hadron l ll{‘:.;::i::." Photon Decoupling

Transition

Hig Bang
Nutrleasy nthesis
*

10'°K

| K Temperature

'c.\' loscqv I TeV 16.¥ I MV TieV lev lme¥ Energy
1
» [ Nucleer Binddi A
.y's" 1»5.1' on ey Y lindi:l::‘.i:ngy
1020 s 100 l ize
Ty T T O RS N SN IR i O S e
A9 3 133 3 fl7 a ' 3
) guren” 10" gmrew” 10 gmien 1Dgmiem "3 ‘mkm ‘nlco Density
LR
Nuclear Water Air 1 Aiou em 3
Maittler

1 10°10° 10%veen
- nqunmmﬁw-‘ﬂn
Myge 100 1072, 106 ee  feee  10%ec 1020 10'8,¢c

L-NOw
KREBERN= 8T BFRARBEST  PRET Galaay deter

Forms
> U'
SURTHIRFRE AL ~10eV

2K Neulrino ¢
- n.p

Rackgreend
H. D" He". |H.D. He,
—a
) ‘B v e |°He.’Li

= FEE(R SRR - 2R \JEFa'ﬁfI"\ﬁ/BZ

- Ratio of Matter/Radiationz5x 1070 —s

| SR 3K Microwave
. & ik . Backgroand



Light and matter
are coupled

Dark matter evolves
independently: it starts
clumping and forming
a web of structures

{18

particles collide less
frequently

As the Universe expands,

Light and matter
separate

* Protons and electrons
form atoms

* Light starts travelling
freely: it will become the
Cosmic Microwave
Background (CMB)

.
-~ .
. e T NN ~——
‘ o P 3.
® ~ . ‘. -~
. .
.
» B s N
~
e’ b,
o ' ®

Last scattering of
light off electrons

2 Polarisation

REBERN=THF B TEamiEtET PR T > fRRecombination

pte SH+y
Ny 3 By

xT 2-eT By =my, +m,
NpNe

%%\\%\EkT/J\E/\\\EE\N

trec~288000yr Trec~0.3eV~3600K

—my~13.6 eV

EByy - AN IER/NNESG - fRTZREK -



T [eV]

recombination
1

T rrrmg | =~

—
>

[ [T T T 11111

—
o
¥

Figure 3.8: Free electron fraction as a function of redshift.




B iR EE IR R TERE/N o
Recombination 18 » BT E A F L I nl

6T BT R U e tySe +vy

ARG 11
T~ >
onv H
SR (LTI S - SR HTRRE R PR EH DR -
Photon Decoupling
tp~380000yr Tp~0.27eV~3240K

YCETFHE PR HHBTTE - FHEEMEE -







=5HH - G = Zni.ui
i

G BMLERRE p HYRH AR E E I E R

S LSRRG 4 B R R AT A

P—>P . .
NFE & Intensive Quantity

I'—>T

VoAV S —> 1S G=E +PV-TS=H-TS

E  —AE_ n — An, G —> AG

A& Extensive Quantity

G(P,T,n) ZHrpRE n —EHS
i > FASASMIE » GIEEER



—H AR ARG AME G —> AG
G(P,T,An,) = AG(P,T,n,)
HERIIRILE - S EENAScHTRL  AT= LM M
AG =G(P,T,2n)-G(P,T,n)=> p,-(A-n, =(A=1)-> un,
FE Gt R R R FARAIALS
AG = AG(P,T,n,)—G(P,T,n.)=(A-1)G(P,T,n,)
T A MR — 2 !

G = zniﬂi
i



EE] msne
EPO3 | EEREM T RFE—=
aok (R Rk B 2R TR

ESSYNE 0

BERE(00:21:02 Z57RAFR | 2021-03-02

https://www.mirrorvoice.com.tw/podcasts/78/1567



https://www.mirrorvoice.com.tw/podcasts/78/1567




af Af

—(x) = lim —

dx Ax—0 Ax
B EEIE x BRAT 4RI -
Af~3—£ - Ax

ia—(E =T MR
FEEE | ARATEE 1 0 (f

d
of =L ) - o

Ax - 0 AT /EEGHREATNEE

fmd_x Ax
72 Mk 2 DA —{[E =023
_df _ g
df—d—x-dx df = f -dx

20

40 pf

® /

20)

A



e (E EESE R R B F (v, y)

/. (x + Ax,y + Ay)
_________ > :

AF = F(x + Ax,y + Ay) — F(x,y)

=[F(x+Ax,y + Ay) — F(x + Ax,y)] + [F(x + Ax,y) — F(x,y)]

(dF) A +(dF) A
= |[=— « AX
dy x+Ax g dx y
EE—EEE (RAEEE) - WS EEHT B AR |
dF\ _ (0F\ _ OF (dF) _(OF) _OF
@) =G)=% (&) =G) 5
“ox ay Y
oF oF g e e g e d
dF = o dx +o— - dy EHEESERABOGENAS : df =L dx

ox dy dx



TE F2 W (E I SR BE AT IR IR 22

Pressure
o
o
~

Volume

BT 2

e dTQ dQ = TdS dEin = dQ — aw
dEin; = TdS — PdV
SRS QA AW R AR
E(ERE R - A SRR R SRR |

— R %’ﬂﬁ"* LTI ERHEEEE |



The first law of thermodynamics
Energy is conserved and heat and work are both forms of energy.

A system has an internal energy U, which is the sum of the energy
of all the internal degrees of freedom that the system possesses. U is a
function of state because it has a well-defined value for each equilibrium
state of the system. We can change the internal energy of the system
by heating it or by doing work on it. The heat Q and work W are
not functions of state since they concern the manner in which energy is
delivered to (or extracted from) the system. After the event of delivering
energy to the system, you have no way of telling which of Q or W was
added to (or subtracted from) the system by examining the system’s
state.

The following analogy may be helpful: your personal bank balance
behaves something like the internal energy U in that it acts like a func-
tion of state of your finances; cheques and cash are like heat and work in
that they both result in a change in your bank balance, but after they
have been paid in, you can’t tell by simply looking at the value of your
bank balance by which method the money was paid in.

The change in internal energy U of a system can be written

AU = AQ + AW, (11.6)

where AQ is the heat supplied to the system and AW is the work done
on the system. Note the convention: AQ is positive for heat supplied to
the system; if AQ is negative, heat is extracted from the system; AW
is positive for work done on the system; if AW is negative, the system
does work on its surroundings.

We define a thermally isolated system as a system that cannot
exchange heat with its surroundings. In this case we find that AU =
AW, because no heat can pass in or out of a thermally isolated system.

For a differential change, we write eqn 11.6 as

[dU =dQ +aw, | (11.7)

where dW and d@Q are inexact differentials.
The work done on stretching a wire by a distance dz with a tension
F is (see Fig. 11.2(a))
dW = Fdz. (11.8)

The work done by compressing a gas (pressure p, volume V') by a piston
can be calculated in a similar fashion (see Fig. 11.2(b)). In this case the
force is F' = pA, where A is the area of the piston, and Adz = —dV, so

that
dW = —pdV. (11.9)

In this equation, the negative sign ensures that the work dW done on
the system is positive when dV' is negative, i.e., when the gas is being
compressed.

(a)

dx

Fig. 11.2 (a) The work done stretching
awire by a distance dz is F dz. (b) The
work done compressing a gas is —pdV.



14.3 The first law revisited

Using our new notion of entropy, it is possible to obtain a much more
elegant and useful statement of the first law of thermodynamics. We
recall from eqn 11.7 that the first law is given by

dU =dQ +dw. (14.14)
Now, for a reversible change only, we have that
dQ =TdS (14.15)

and
dW = —pdV. (14.16)

Combining these, we find that

dU = TdS — pdV. (14.17)

Constructing this equation, we stress, has assumed that the change is
reversible. However, since all the quantities in eqn 14.17 are functions
of state, and are therefore path independent, this equation holds for
irreversible processes as well! For an irreversible change, dQ < T'dS
and also dW > —pdV, but with dQ being smaller than for the reversible
case and dW being larger than for the reversible case so that dU is the
same whether the change is reversible or irreversible.

Therefore, we always have that:

|[dU =TdS — pdV. | (14.18)

This equation implies that the internal energy U changes when either
S or V changes. Thus, the function U can be written in terms of the
variables S and V', which are its so-called natural variables. These
variables are both eztensive (i.e., they scale with the size of the system).?  2See Section 11.1.2.
The variables p and T are both intensive (i.e., they do not scale with the
size of the system) and behave a bit like forces, since they show how the
internal energy changes with respect to some parameter. In fact, since

mathematically we can write dU as
au U
dU = (ﬁ)v ds + (W)de’ (14.19)

we can make the identification of T and p using

T

(%)v and (14.20)

- _(%)s. (1421)
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1. dU =TdS — PdV; hence, (8—T) = —(BP) :
%

), \os
2. dH =TdS + V dP; hence, 8—7: = ?L/ :
OP)¢ \OS/p
55 9p (10.33)
: = —SdT — PdV; A=) =l= .
3. dA S dV’; hence, (6V)T (8T>V
oS oV
4. dG=-SdT +VdP; h — | =—=]) .
G SdT + V dP; hence, (BP)T (DT)P

The four equations on the right are known as Maxwell’s relations. These
equations do not refer to a process but express relations that hold at any
equilibrium state of a hydrostatic system. Of course, the reciprocals of
Maxwell’s relations are also valid equations.

dU =TdS — PdV

dH =d(U + PV) =dU + PdV + VdP = TdS — PdV + PdV + VdP = TdS + VdP



