Lecture 2( = The posfulates and Laws of Thermodynamics
A- What is Thermodynamics?
Thermodynamics is fu study of energy, ths transformations, and the princi-

ples goveming equi li brivm and spontaneous change . It staried as a
field Hut dealt with extrackon of mechanical work From heat . Tt
evolved to provide o geneval Framewrrk for a.vmlgz'm} and ergani zi?
o large Io.ch ok expevimental obseryatims, Wwirmaton, and data that
involve wechanical, termal, and chemical poages and systems.

Classijcal ’ﬂ\mméﬁnami cs

Experimental observations i

Postulates Molecular Tnfamaton
Law$ of Thermodynamics <_,__ Statfistial 'l'htrwwjnamics
Ay babons [ Problems @—ﬁw«bjba;: ---------------- |

Postulates

i. Existence of Energy X Postulates given between starc £,
it. B xigttnce of Eguilibriym States

bii. bristence of Entropy

Thest axe P fomdational agomptions or |agical S'lzu"ﬁng point vpon which
owr inory ts buitls. The basis of posfulates are ofHen based on
Q?Cﬂ-‘ecl oloservation (emFin'cal) or Yetason, i.e. " we Wold Mese truthas
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‘o e se\E-evident. Ms«m[ly ) engineers learn twrmodgncomics from oL
histsrical “appviach- T is useful Hhe secomd Lime trrough to take fa

X ostulate ‘approach (see eg. Callen). Physicists love postulade —based
Yuories: Welavt seen severnl already : classical ueghanics, quantum
mechanics, and statistiaal themedynamics .

B. tristence of Energy Postulate
_LEn(,rgy, E, is a conserved quan{:iw‘y of a sgs-lem. tis means that €
5 a W — & poperty of dn stale of system and not
e process tut reached fat state -+ This postulaie is a restatement of
wMat we know Lom mechanics. There is nowng Unew® hert (oeuavui

mechanics.

# The change in energy for a closed system (no mather moves 0Cross
Y boundory of the sysiem) 1s given by the 1% law of thermodynamics. >
dE= 40 + W Wi Work [msyslem) & heat
0E = 80-38W Wi Work (by systom)
the guantifies 30 and AW are Mdiﬁcmﬁds- Q and W are

mt stale funchonS: they are porth -Aq:enclen't' guantfies.
N see. Appeadiv o mort defails.

Eneray is composed ot mechanical and inlernal enery-
E= E“*Ef + (L /qlwdmnioa(

By kinehic eneray 28 ?,,.}mﬁ.,l enerpy
motion of uihde Gystem eneny in an ectermal field )e5: gravity
W: internal eneryy f'mp(ecu\ak mohion, cemical shwie efc.

other energy associoled with Gulermal* Aearces of freedom




bften Ey and Bp are not ‘«mPef{mb-Thcg are usually much smaller than
U for many {thermodynamic pridems. oy they can be considered ceporntefy.

Work: ic defined in mechanics as the energy resulting from e application
of a fore a.lonﬁ a dicplacement.
aW= £.4X  F free (godiatof o potestial)
X : doplacement (exlnsive)

Thew are Moy '('U\’“ of work.:

T 6 U E . Ax‘ll
Pressure, —Viume -PdV
Strees - stoain Ng:de o Candhy stress ; & : Hrue stain
Surface Defor mation Yf dA ¥ surface energy
. ol
GhmlCAI /d‘ dn; Mi= (ahﬂ) SV ) chemaal Po'l'cn"‘l'al

Elechric Folan’.mﬁm VE-4D E: Electric Reld, D: Dieleotnc DESP(acmmt
Mognehic plarization VB -dB  U: MaaneA-ic, Red , B Magne-[—‘-c, Induchion

Buanfities tiat relate these omjugate vanables are alled "conshdutive
laws.! These are fhinge like Haoke's law fora soléd or a Curie Mogpek.-
hese are material speafic!  (Static Force - Displacement velationships)
EXAMP[e,Z ’L‘Dujuamic ones intransport phenomena

fookes (o) = g=26¢ *A&(DT  (isthwpic) , 2=g(ed

|
Caviec low: H= B X ANk
urces low 7 (14%) Suscept "'}1 '
Mo: Mnﬁneﬁc permmb.lﬂj o€ Lyeo
s?aa

Heat accounts for the vema'miv\a modesS of enenyy ranséer Hart cannot e




exprecsed s € -d¥ . these turn out +o be micriscopic work interochions
between the sySfem and bhe suwow&nas.

O. Bxistence of Eguilibriom States
* Tsoladed syslems sportaneously evdlve Howards static [steady sterdes
characterized bj o small set of macroscopic variables (state functions),
These states are reproducible and independent of process history. x
The enesgy and displacements [X) oomplelely specty +he egui libriom
stale. We will see twat §=S(E,X) only. For example, n tue
cace whire Bp By arengglible and we are loking at o cirgle component
Luid, S=S(uN). s

Elﬂui\?bﬁum Stales live on tmis. manifold. //—\
W,V completely specs wr Stecfe. ¢

onpledely specify o <\ /u
\

Vv
af‘“""""‘“ CritYenia . How do we know we are ot e:bwil:br:um? ) We
S AN

don} for swre . 2) the syglem is ndependent of time and higtory. 35 No
Hlows [gradients of €nergy er water.

Let's be alot more precise about the latler point. We will empirfce((j Say
we are ot e‘bui Lbriom when 4 tntensve variables are spafially yniform.

T = Cconst Thermal e%wil?bn'um (‘\L “"1")
P= const Mechanion| e;bu;lihivm ( Pev)
Mi = const Chemical e%uil: brigm (,u.,, <> n;)




Qeslcvsibi\’ﬁ

A reversible process is one -at procesds quasi-stafically, with B sysiem
passing twrowgh a. continugus Seguence of 2guil:briom starleS . At every instant
tne sysiem is vniform (wo grdients of intensive variables T,?, u) and
e tntensive variakleS difter from +ne SWOWELI'? only infincdesimally.
Because each indamediade stafe is at Quilibriom, He process genersies
no entopy — thert is no dissipoution.

Nole Hiat even in veversible processes B¢ W are shill path dopendent
(depends en proass, ot *ust ead point). Only stale funckions (S,U,V)

depend sdehj on

Trreversbildy adds an addFional feature of dissipation.
All reversible processes are path dependent, bt wot Ireeversibilidy
all padn dependent processes arve reversible-

E‘(“ﬂﬁe‘ EXpansion ef a. monoatomic ideal gas

tre staie. Path dependence does not imply trveversibildy.

Path Dependence,

W= nRT  PV=nRT  AU= AO-BWpy Bay: by gas

sate [: | W=inRT, Shak2 [z (o= Snkm

Ty, X T\ Aty = O
Tsothermal Path : N

L X

BW,= jswj Pdv = f"”’ dv = =nex, I (%)
(

BWa =~ nRT, fa (%)

AW,=0 = — AW, + ABL,
A8, = -nRY) O ¥4;)




Adialatic, expansion Hilowed by (reversible) Fhermal egus llbriom ;
b) 6&(,“0 AU,=- AW

L : “ 3__ n Q (TL-‘U) DWB Q2 (% n RLTL—'T()

‘V‘bT TI

¢) AW, =0 (no AV bu, = b8
DU = L nR(TT,) Ba, = 2rR(T-T)
AW pe = Aw + AW, = 2R (T,-Te)
D&, = A +AQ, = 2 nR(h-Ts)
Creometic, Tnderpretation
S Reversile potn on manifold from 152
////-2\
‘<\l / n

\

D. Existance of Bniropy

A There is q 1uanf"'4'y we will all enbopy | S, that is & sfafe function .
Enhw s conseyved fov a veversible process . x

Cclausius discoveved that Aun'na a reversible process, the %m{-»'{—y
868./T was ConServed. Tn O‘WWOfAS, d8rev [T 15 o stafe funcfion.
We eafl it te entropy,

35= 98w [,
The d\ﬂl‘ﬁh n enﬂpg for o revers:ble cycle (s zeno

é -a,;ra—""-*-§68 =0 .

rev




Example: Reversible Cucle of anTdeal Gas

r L / . '
@ T I\me:;ﬂa ’/l"=*"»2 v T‘(}

lr ¢ /1 Y
N2>V, T>T,

—
AU= &G~ AW W= ZnRT
dS= '30‘“"/'1' Cy= %nﬁ - Jw=CydT
132 Tsothermal Expansion
Alig =0 = AB. — AW hom above
bW, = -nRT, n ("“/v) < AR = -nRT, ,Qu(v’/v\)
NS = A80/1, = -nR L4 (%)
2>%: Heat transfer shie2: T, Sfafe > T

Remember T,°Ts ¢ V(< Vs

A= Z nR (1) = AQ-AW = diL= 40,
Bup=o  BBg=-3ne(G-T,)
3 Te T,
AS,,= L':lr’ dQyev = L_\ J—F CdT = Cv.Qm(T’/Lr\) =~ Cvﬂn( ‘/Tz)
3> AdiabaHc Compression
Buy, = Sue (7,-T)) = Ae.-AW 40 = dw+dw
3 = CqéT-I- PJV
A8y =0 By, ==F™R(T-T)) = CydT+MET
ML . v
ASy, = fJ T :I%é, 0

Nole tat \, Ny and TfTo ave viot tudependent.
T annet pick any combination T uint.
W= &Ry + AWey = 0=dU-BWy D 0=CydT+PV
(¥
2 2dr L
o:'%v(o\'rvc}ef_"gv = 0=3=+ v dV




B

% deet =futey 5 -3 )= (%) »|0(8)- 30(T)

Cyucle

A= DU t Mlaat AUy,
AA= D, T s ¢ AWy = —nRT, 0.:\(‘%,) +0 - ZnR (1-T)
- hRX_% (1, 'T1> Ty dn (V’/v\')]
(ﬁ?{f’g ) = —%nai(‘r(-—‘(ﬂ £l (T / Tz)]
DOz BB, € DOy ARy =-ne T, W (*4,) - 1R (§-T,)+0
1= -n: [2 (=T +T, 1 ()
(hestoud) = ~3PRLT-T + T, 0 ()]
AG.~ AW €0 v ([% [aw oheyed)
DS = ASp +ASy t KSy = -nR In (V) = & G (/)
= -nR [ () + 3 0 (W)

- R [-E B/« 3 )

=0!
S is o state €uncton Lk !

1]

wWhat ‘MF(’ ened ?

Moved hext from veserwiv at T +v weserver atT, pA@ <O
Surround:ngg did work on ¥ gag in the pston (System). 2w, <0
Qrey and Wrey were both path dependent.

S i path independent! §dQes[T = $dS=0

* Ours 13 ‘just an examrlc , but Ehis always uorks! Amazﬁné'.

Geometvic fnkggn{aﬁm: Tt is fne Came ac wWhen we talked gbou
stafe funchiens abowe . Su,v) is o well defved surface .

0+ %-np.[’r,-‘rp) + %hQ(Tz-T,)=o v




T. e 2" Law

We need 4o know fwo wore ﬂﬂings abwten’cww fo complefe our postulates.
% Fivst) an wlakd syskem (ie., no heat or mass translec with sucromdings)
will maimize its en‘erw as it pY9ceede Ho ezsui&'brium. X

e%ui ibriom

me.

This Pwhhkian be stafed as de 29 |aw of -I:hemwazmm(cs,
ASZz 0 1slated syslem
AS =0 when reversible
ASZ0  when irreversiYle (dissicative)
Node: this can be o |itte camcus'ma- S is a stafe funchion and is only
defind at ezbuiﬁbr;tlm. You cannot d; recHly caleulatke S for an itreversible
Path unless you are e[o’ma adetailed transpor € calculation (local
equilibriom Wil spubial gra&cn’cs). But when the sysiem refaxes

boack 4o Lo e%uihbrium manifold, you can construct a reversible
poth and get t.

The 2 [ sfs fe spontancous direction of enerpy transter. T also
Shows us that entropy characterizes enemy dispersal.

gggg(/g Direction of Heat Transfer

(77 5Q

4 AD v 7 As =782 NS, = — Heat 15 Howt ng
f T T ; ' T T2
; ( * f AS. RO from 122

lectecereetzerr DS = BS, +AS7_ = Tr— -_




lo

Reversile = T=Ta | AS=0

-

Trreyerside: AS »o ik T,>Te | Heot Hows fom hot > cold .

% Second, QJ\{WPU 15 continaons, diffentiable, and o monotmi qul,v ncreasing
funchon of i . %

98)
au,,s

This fM)Pe{’cj ok enbopy lefs us define the the modynamic femperature a$

1 _[s _ (oW monetonically (ncreast
T b\k)ﬁ o g)ﬁ ensures T>0- Y
How do we know tuis s He kmpem-kuc? Ve bnow Ehat if

we bd"ﬁ two Systems *O?Mur , at Hhumal eﬁbui’r'brium T,=T,-
The enmw will be a magimom in this case.

S= S| '(- §7’ U-S ‘A-\-l’ M'b S‘ =S|U.(,) S',,"Sz(»uz)

L= S+ o«(W-UW-Uz) Lagrangian
L _

=0 en'[wpy 15 makimizd for constant U
%2cg%z-ﬁ=0 g%l=“

$2) ok equilibriom, Temperature g fibreks
%S‘Iu = %%7, = J‘l:l = :\l';, Y internal enersy

Am\oaou.s derimbions {or SOV) and S(N) find Lhat pressuve
and chemical potential are -[;(/.L%u,}[} brium criferia YESFecﬁvda-




X. Appendic: the math of stale funchons

Sippose T have a funchon F(X,¥). IHtis unigee - For a given X
ond Y, there ic only one value of F. is s o stefe function - Functions
have dotal derivabives,

dF-= 3“ _df + ar—‘ =y = MG ¢ N(GNLY

= TFdR R-Tx T UR-[MNT
The second der'uvu-ﬁves of F are symmetric,
SE o M w
MY b‘fb)( Y

Tis means Juat o closed path integral of dF must be 2ero.

§ dF = f’ ML Y) &x + §m(r,\f)e\y
C

£0x,Y)
([ . (oM
M-J 3‘!“ N j%ax o@

= (( M N
= J§ Sq sy« ] 55 dwey
A A
lntuitive, but 229 vaong) Need to do area aarefully. Doing 50 guees,

é ¢ = ” ( gM g——l;") dx d\/ = 0 Greens Theorem
\_,-.,\/
M 3N

oY -
Allerna I“Vd?f

&VF dR =0 Gradient theorem  (curl-free veclor field)

[ physics, we call stade funchons o, “potential? Just lite ﬂmvih#om/
potential energy. YF ave conservative Corces.
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By contrast, ineyact W do not have Hnis P.orerfj.

g6 = MIGY)dx + N(KY) Y £ d’“

‘f
Now, tf we want b abcfan{—'"ly &, we must ink?m{c if along Some Pa,%.
G= f 3G -fMAx 1 JNJY

§ is not a 5{44& 'Fuv\c-hm .fcanmof wnie it as QC’ZJY) The
closed pth {ndegmal i not 2010,

&a“cq 0
Ui fterent paths give di fterent valus. &
(4a ¢ 46 &jz
¢ Cy

Think of F(K,Y) as some potential surface,

F §JF = _fd{: +I&F = €()-EC + FD - ~F(2)

< QD/ Frrsa o

c

Y G is some omr%van-if'l:,- The in-ie@ml of § a,lona botn patng
oxe i frerent- JJE, + —I 3¢.

‘n cy




