Jeffery L. Yarger

Professor of Chemistry, Biochemistry & Physics,
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Lecture Notes - General Thermodynamics
Prof. Yarger’s Hand Written Lecture Notes

These set of notes started as student lecture notes from a class by Prof. George Wolf. They were further
developed over several years of teaching Thermodynamics at the University of Wyoming and Arizona
State University. This is a subset of lecture notes on the fundamentals of thermochemistry. The notes
have been compiled as a foundation for teaching ‘thermodynamics with a biological focus’

ASU BCH 341 - ‘Physical Chemistry With A Biological Focus’ - i.e. BioPhysical Chemistry
BioPchem: Thermo

Lecture Notes - Set 1 - Topics:

Thermodynamic Concepts (1-11), Mathematics of Thermodynamics (11-16), Reversible
Processes (17-18), Adiabatic Accessibility (19), Isochoric Process (20-21), Isobaric Processes
(22-24), Sensible Heat (25), Isochoric Calorimeter - Bomb Calorimeter (26-27), Isobaric
Calorimetry (28-32), Introduction to Thermochemistry (33-35), Standard States (36), Hess' Law
(37), Combustion Rxns (38), Formation Rxns (39), Solution Enthalpy (40-41), Temperature
Dependence of Enthalpy (42-43).




# T hermo o\\{no.wx‘\c_ ConCePTSH

5¥s-¥em: That ?q("\- o} The UnNniverse T hat is
Separc aYTed out ( eiTher Pkysicquy ac mud'«\\y)
?or S_ru..JY .
Sure Ounétn [ 3 f—""*l"“““'}‘ outside The Sy.;-)tem .
Walts - ( Cen 5‘\'ra.ir\'\'s) Resteiets The cedistribetion
o} Semae %uav\:\-‘.'\'\/ Cr.a. mass, heal, ** )
E:iTher b T waen Tha 575+em ‘5‘ Surroom)t'njs

o wiThin Tl Sy stem T Sw.l?.

EX't'erm\ Walls ¢ (‘e_S%‘ric"'Io\r\ be:\‘u.ln.t.h The
s\lS"\"-cm ‘6‘ Suf‘rounéir\c& .

Tategnal Walls (or censtraints ) Cesteiction
WiThin T SY 54 em (see C-.l)en)

Tkermoéyhamic SYS'\-zms afce c.\e-.sstg.:e_o\ |o~{ ™ eir walls

Thermo Qry Restricted Not -Rc.sh:c'l'i
Heat odiabatic (8Q=0) Dicthermal
Matlec closed (6’@ ent © 0) O pen
Chemical ComponenT Sem: Pe.r;ne.a.\-:\e. (AN‘;‘ ol o) S penN
Volome i isochoric (AV=0) isobaric. (4P=2) |\
—> I is Through ‘e mgn‘\eu\o.:\-tpn °§‘ walls That

constrainTs ( €£iTher ExtTecnal avr ‘u\'\'err\n\) are
ch anged am) precesses vt Tiated.
It s Tha SoBSe.c_‘\' o‘r ‘Tkermoa\\!nqmtcs u\r\tc.\n olt&Cf':Lﬁ-S

These clhon yes c‘ F\eu: es Constraint s on whaT
Cans’ T happen or vohat may hqppeu Coot n aT
e c.sSar:\\, will l—;-epu\3 in T sy stem |, Much o{.
Tha Qc.ue.\op menT o} Tke,rmcgynmmcc_s occurred  ia  Tha
‘\V\Au steial revelution Whaee mochines el e a\e\l Jced
Te aXkYract g wmosT Werle ?.-,.n C)\,_M;c“\ omé]or
machanic a) cp CRS5SeS .,

The -n\c_or\l a{. Tkermoc)yno.mics a.\So P(‘O\S ?AQ-S

impor'\'o.n'\" re.\a.‘\'tans betwean Macra s c_ap?c \jo,(‘f&b\t )
£or wxaw ple 2
2°) - af.) . A
oV /4 AT Jy Re
A
C'P-C'V 2 TV ¢

B
(Q—Qm gﬁ) LY AW<CO  axeTuermfe

o ‘l"\" P R Fa) H° >0 e.nds Tharimic




C

Q"\&'\‘y—b GSV state , - ?\,\msc &ocui\( Srioo
I~ is impor\’a.n'\' ‘o e coy al e Tha¥ The Subia-c.“' °§
Thermedynamics deals wiTw Macroscopic

b’u.f\.(t’ sﬁ'c.hés

vaciables QnA ’
apact (rem any asssm pPTriens abeuT
Tl micre scepic STate o} maTler Most  of
“trmoéynam?c; wa s o\e_vdopo.a\ Even ‘oc_g.orc_ Tue otsmic
Theosry o} o Ylar

Wes esyablished .
E\'\U‘Moel\‘/nawncg_ SHate of a S\is-\em’(ﬂ/\o-croscopic 5+a'l'e-)

The

Therms o)ynamic state of

o Sy.ﬂlem is Spcc;‘,c“col 17\/
its Mmacroscepic f_repe.r\—:es . Coentrast This To classical or
Quantom Mechanics which ch—ines e state o[> a Syr;em
Microscepically \o\l .

Spec.‘gj‘w\% e thar
o% a\\ Pa.r‘\".'c\e.s Y

PoSH“.‘an t momentar
a TimO_J t :

X () X, lr) e Xu W) v Py te) y P tt) o P )
as in _gh:._ﬁﬁcu\ Mechonics or ‘r‘knuc‘\\ o Time -~
AependenT wavelfvaction

in Qvantowm

Mechanics o

WX L Ka, ot K ,T)

w\«lc.\ﬂ gtue.s Thw Pro\u&\ l\'+~/ cj.‘s"'ribu*)'ton o{-
in o 5\[6'\"\"‘1 aY

a\l Par-l-?c\es
o tTime , CT. 23

Wherea. s T class ical or uawntem Mecheonics , Some {d
Coordinates ofe fequiced o S(n.d?\/ The State o;- o
Mecro scepic S\{S*‘&.m 5 n »g,rma:)y namics onl\( a F““"’
Mo dlroscoepic \Io.rfo.\o\i_!? are nzc_éug Te S?e.cig:y The state
0{- - SN etem . I~ ‘S Thae proper+~/ 0} _Egu:lt‘bf"vm
STates Thet o on\\l a ?**’

Macro scopic variables
o&— T SY .5'\-a.m
g: T xaci .

are spu;\‘g:e_o\ , all oThecs will  be

=

lassification of

\Macrcscop?c
i )

\IQPIQB\Q.

Extensive Vociables®

({uo.n'\'?'\-.‘e.s \.J‘A?e.\\ are o.:)é'»-l-zve..
Constituent NNAR ofl T SyStem 5 L.

Lo Tal wrure

W,v, N M C; d
~ 4 )

ovefl

J

Linterna) €ne 5y )

¢ xawplas : G,-A,S, .o

T\'\Q.fMoé\‘MMICS Con a\so "'q_\\ Js w\\q.'\' Tha ??r\o.\
f.(b_ul\:br'\vm STate ( or " Terminal’ S'Caﬂ'a.) wi W\ be e‘. o
S\I sStevn G-S’_T'u" we C.\!\a.'\d‘ag. or Man i Pu\o.'\'e. T walls o

€ xtent a%- o chemical Raun

N E.%ulli)arcum constavy

5




3
In-\-o.ns\ve, Vorciakbles ‘f‘htrmeJynaw\(c fvaﬂ+v'+"¢s whichk  are
Q-—(-IALA \oCm\\\/ .
axomples . T, P, € s Wy Cpy Ao
'\n‘\'v.n slye Variables are The Same_ (or vaery (ar\+in \_J_ous\y )
oves o WhWemogqeneocus Ceqion (p\no.st) al. T SyS'\'eM .
(nb‘tﬁ-.- Va.r~1 O“‘S(bn"‘?r\vous ly acress P\nase be un garn'es)
— Note Thet any Extensive Noaciable can be ‘ Mmade Lntensive
by normq,\::’in% w3 Th aned Thee ext en Sive Variable .
‘I"Yeico.\\\, Twhis narm\;3,¢l-.~onl s aonL *r"\l"uuc‘\\ et Ther
Tha Velome > v, or Ty "\'o"\‘e.\_ nNombec— °-§' wdles R N
e.g. vz Y Lz Sl
e My ht Wi
w iz 4N s: S/v
<, 2 " hr By
‘Tj ECS . o& Va.r\‘c\,bhs .
Amﬁ&_____ Intenstive C.Qn;usa.'\c. Freld (.in“'d.nsive_)
Cs ihion) N N - NL/ . . )
mpositie Vo N, c X, 2 (N Mo lchemica) poteptial
[
N = .E‘ M;_ (.mb\!. Ql’n.r.l':uﬁ)
=)
Mechanical AY/ Vol om a v = V/;\l —P pressure
Q Le.r\o‘-rk ‘ 5— Tens ions
‘ Area b SorF\tﬂ. Tehs fon
Ve é STrain Temser % :[: STress Tedser
axy
['V} t.']‘\eb\t Mowanl m E Clectrie Fiald
Q tlecteic Chare cb Priential Hflecence
" Pe‘\'en'\-:n\s“ W \ntecaal a“““ﬁ‘l TV U'/N
H Entnalpy T WN
A Helmholtz Fl'lv. {ner%Y a = RIN
C‘.r‘ Gibbs Fl‘at Ev\crsy % 3 (’IN
E,n‘\'ro?\l S A E SIM T Ttmpera.“'UfL




DQ.r;VG-‘\':GQ' Propgf"ie.: CP isoLa_r;c L‘Q-‘- C‘P“:*‘l &P - CP/N

Cv isockbr:L ‘st.-* CgPo.c-"\l < v < C\” IN
l"T 1s6 Tharmal Com press ;b?\(“\'y
LYY Adiaboric  Compressibility
€  velumateic Expan swi'\r\,
Transpert Peo per'\“ﬂ-s m‘. Niscost “'1
( NoN < Thermo ) D 'D’-EgusToh Co¢§¥2c;¢.n'\"
#ﬂMSurgmu\* T\Mex&\t e
The Macro scepic prop ecties oj[ a .S/.s-[’em can be Measur ed.
by Experi ments, Bowever , we have tTo be Cofcerned uiTh
Tha _Timescale o(ﬁ The se mo.qsurgm'en"’s . The Subj&c._{- o{

E_qu'-\'\bL\'um ﬂermoavnqmics cn\\/ Jdeals Wit Q.‘fu'u\(br:um

(or Terminal) states. U\vs, ovur Mmea sure men+$ mu st be ove
Timescales That ace Suff i et ently \ant} That The Measucedh
Ciucw\“r itTies are ‘T ime Y nd Lpendent .
L.
3 AN N

ya
Velome 1] NS T W
{v)

L 4

t

Te we Were  able Yo Mmeasure the Vvelume e¥ o~ \rcIu?J o  Tha
p&co StCer\A 4+ mescala w e would obsu-ve.. Somethin That JQPCI\J‘

on *ime as s\«ou.m aloeve . The.rmaéyna.m‘.c.s Je.a»(s Wity *av Cfﬁy—‘
o\ca.n‘k?'\-us, TTyeieally , This 35 NoT oo preblem  and sur  Messoremed
Seheme Vs Coarse £V\°~JC\\A Twat Tt wi\\ s Tla av e.ro.zivu}
q,u‘\‘omn.'\'lcn“y . Wowever ;-.r-< Jiscovs \rclv:-)s R B\sss-sJ and
So\135 i of W micra scepic telasatton FTimes Can Le very l“‘}
ond  Tho Sys\-&m may  Take o very lon Time o teach
Equilibrivm or Yo qive s an aversaqL P;._-_—\-wg_ . T  These
Coa el | [P Mcs'\' Ln.- Vc_f\f Carega\ wWhen e QP?I\/

Vharmo Qﬁa‘.w\‘\cs . For a Xawsple, consider +he Measvrement 'f
Fla &Atc.bq:\-\‘c. valvme fespense e,}. G NViscou S ‘?1\:?.3 +o o
chanqe e Pressvore.

V i

—z_ ‘\'\S"n-n'*o.no.ous ﬁ\o.i“‘?t Rasporse

—_ Viscoalastic response (" stretched” Cxpon ewtial)

c- e

e

R R,

Tv : C-\I\arqc'\-cr N »s‘&i‘c, 'é-.\rvw. {-’w'
The Velume r'-\mxd.'&'?or\ D_‘.
- The \\‘qu?é

-0

Y

o
A D
t




’ o

oW\ y Faloxed o+
‘s‘-‘\-;,_“ valoe .,
CTharmadynomic volue )

oy

K

),

v
S
- — adie batic Cempfe.ss‘»‘o'n\i"'\’
- u»rq.\o.:-eJ volve
hs -~ .t— “ "X oar instanTanaous regpence ’
( t
-6
F_or 8\‘1(0—09\ ot feow ‘\"emp.) T‘ ~ 10 sec | “howerer , s-or-
MCThanol or  watec T, ~ 167" sec .
When N exceeds ‘h,(ﬁtn-\ u?e_rtm.n'\' ally occessible  measurement
1 ilrmes ( T » lDz Sec) Thean Fhe Mq:‘-er ial \:C\I\A\In.s a.s [ 3\&.85 .
Ma'\c. Fnot ’\\' 3 “ &:vnc'\-ren o-‘- '\'gmp eratvre . T\"m‘cq\\y T
increases as 't'ﬂ—Mpcro.'\'\-r"L deccreases . T¢ wWe can Suvppress
nuclaotion a} Tha ery s'l' a line ?\nq.se. at tows "\"-.mpo.r ator e
Than +nn Svpaccosled \cc‘urJ Wittt exhibit a e\us transi +ran
When T > ? sec ( Twe felaxation Time becemass longer
T wan twe -{-\1 prcal lq_&:orc‘-or Y Filne Scales F" cal scimeTric
vVea s ur'em._n'\'ss .
X
10
loc T
3
-1 |
1 |
'S L t - wv
"W '/.r , 11-}' Cold

1'% 4

lIT




é‘.'rcc\.

- P?»QJ \¥4

L:‘v?)
gor uamp‘c, -‘Q e asd heak s “‘he s\!s-‘nm wa w:“» melt
Seme o&. T tce and T relative abundances et C‘\‘““j‘-
Qv en ‘\"\f\om]\\ T,“-. ° , =: N are T Sa.me_\. Thus , Tl
SY a-‘-:m is ~ot (emp\v\'e.\\l SP&::G-‘:J ;‘f we od)y Sfec.‘fy
T, P <N >
Hewever & FM‘M‘\\\/ .
Dos)f u\-.\'na I (\-\ Cq_“n.n) . < Eci_u;\'-\brium S'\'o.*t b} o S\mflﬂ-
SY stewn s Completely SPect (.:-3@ (m"-“‘S"’F
CQ e SQeelel U...) \/J N”Nz‘ ~~'N;

LN\O.C.:‘QSCoPic. 5‘\330—__. o{. N 5\15-\-““ is SP(’.C:?\'QJ when
ALy of  twa Maccos cepic vaciables are specified.
Foct -[, €< pacience There exis¥ys ¢
oilibei oYes ( Postolate T of WM. Collen)
Ec\v'u\‘\\)r:um States have +he Proeer\'\l That  al o} Fhe
MaccoScepic Variables ace Qixed  when ealy o~ few are consYrained.
The nwomber of WOk iables which  need e be Spe cifited
Ae.pe_v\és on the Noember o} Qﬁ}s octin on Tthe SYS'l'em.
Osvally | we Wi\ treat e Simplest e%. systems o
gvorm vlate '\'\v\..rw\aé\l Nnawl e 't'\vxe.ev-sl R Je Wit '\'\[?feo.“\’ 5'\\\[
Consider a Ppressvre gfq,\é . Tor woch additional f—.‘c_\e) we
LA\ rgc\ge\:ee_, on add i ¥ional Josriaola Yo Spe c“.;*{ e hate]
0} Tha sys'\-un .
For oaxowple ; Hh  Macresepie stabe  of  water is  us uaMy
Pre cisely Speci Gled e T knou e T, P . No MmaTVar
what RaTh We s len % ¢3e+ +- TP a\ A atenside
preperties o+ water will be ‘gh:o.é at Certain values cf
T Y are constr atned. Tue 5\..55&5 5:‘. Watar have Tha
Sawe * ée_\msl'\-y t pre ()er'\': .S rg T\u.y are at Tiw Same
T <9 (ax &q-’?\IBr-‘um> . Ve dalbine M extensiva ?r-Par'\'Iu
as well Sse neeo T') P, [\] or 5‘_,,- Selotioms TlP_‘ NHN;_’"NE
—>
This dees moY adways  werk. 1 we have M0 e 0°c
un‘)gc Tt ewn Vopor presscre | we W\ oot baocw o
rdlative obumdances o&_ ic.e_) wrater s and VapeC,

i fa “y)




T moare ComDlexn Sy stems °
For each g?c.\c) aedin on Yhe SN 5'\'cm e need o 'mc\'AJ[-
The Can:)u ate Extensive Jaciabble Ear erawmple, \n o
Selid YR P o aneral S'\'r;5$~ F:.\) , T , we w\u'a"’ SPu."ils'

e ewhire SY¥rain tenscor Vv, & instead o} VvV alowe,

fquilibeiom  Stdes are  skable  with  cespect ke ol Cluckvalises |

Flectoations -‘. Aevxs'--\j s pressore, entere ey Ye ... are alway.s F

Pl‘t—s:v\‘\' Cn any S\IS'\'GM ( These are u\-\—t-wa_'l'n.\\l u‘n..']' Srive
'P\f\-sn- T ransitions . n:\'c-) and e Mocroscopic PPoPtr"\'lis wil\
octu ~\y gluc.-\—u.;-\e_ rondom)\ abssy tmair mean value, The
W\a.nln‘\'\-u)e, ot Tlhees e glur_‘\’ v aYions arc +7F|'ca“)/ hardly netee ea‘o\..l
and our axpaci ment ¢ w '\ Mmeajsure tThes e averaq e Profu"\'“-s.
Flveksakions . \l\owcvc.c) Con become Tv:+L larje_ ) especially near
Ceitical ?o‘u\*s — Ceixical op alescence,

Euen WiTh these \qrje_ g»\u:_‘\'uo.'\-tpn_s Tho oﬁul({hr:um sdde s
Stable and ‘ive ss,;’rew\ w a.\...‘ml_s reYorn +o  +he averaqge
g,:‘u‘.\'\bl‘fum SYate .,

ucucucr '\"ke_r; alse  x+ s-\.s 'J
LML*&S*&%\L S‘\'«.‘}'—Sa N\a:c\\ Con a\so \)t ‘\‘r...A'.A ‘t'kzrmoé\!nmm"u‘\“'.

These maeatastable SYates ace \o ta\\_\!— S\'q,\)le. o That is, 11\-.\{
are 5-\-q,L\0. w v Tl rc_spet.'\' o Sema\\ g\uc.'\ uq,-\—rons_ . The
9_125'\\"“:; o.\. Aiaw\ and a.“' awm b rant Con)?’\':ows NE'3 o~ 3«¢Q
exowple | or 50?:(:05\&3 water | Wateer can exi st at
Te\yspgec:\‘\"‘s down o abeoT -36°C l:rov:J-J +he ngplﬂ_
VS exYe aor divar: \\/ c\ean Withaot n\lc.\go:\‘i'on sites .

Ta N\ec\r\q.v\tcs These S‘\‘..'\'f.s Can be J“-P"G.fevt'lc] o~ an
E_v\crsxi th.arn,w\ as”’.

STable Mete stable Unstable
‘firs* Law o} T\\QA'MOQA.LRGM\‘CS -

Muych og chrmeéﬂf namics Jdeals with Yhe nvest \‘34.-\\'0.\ el. the
P-“s:‘“\ ond  chewmieal C.\r\o.vw‘es that oceur within a S\ls'\'c.m as o resolt
of o chanae  (or manipulatcen) o} The walls  oF  Fhe  syskem .
Cev\s?ger o sYs\'eM Fhat is it tally ot equs Vibrium . I; we then
Change e walls — ;\-.ﬂ-._\ chanaage o Velume al_ ‘e S\[S'L&MJ
alew Waark Yo g.\ow NARE or cut o{- Yha sY S‘}:M , ©°F add Semal
add T ional chawmical CowupPencnt te  Ahe  system | Then c_k-uu‘as
w ‘e Sy stewm vty be nitiated and Tha Sy stem Wit Tey
Yo Ce ~establish o- new Q.qu‘\?br‘wm state in CesPense T»
The Maw‘\?g\o:\-u‘g“ °5r T well s,




—Per\\m? s Fe

n\os'\" gan S w\c.w'\‘u\ Ft"mc.‘\ e\e. ‘o q,\tn.\ \_r._-\-:'.as C.\r\o.vws es
Wi Thin [ 9 Sy s¥emn (s ~Fuo pr:ncte\'. aJ. Con Servatisn
T\Nt S

?rlv\c:?\q_ .s ¥2rm\\{ Coo“’cé NCS Fia
Af—+ef ine s A kq_\-\gv Te

level y on o ambedies  tha

D nh e

\oww 8 c.;. 'P\»lb?cs
e.}— ?ur‘\-?c\es an O

whiel

vAlere scopic
c\.\Sb

e ssence e} Fha Fiesy Law
oy ‘Nrmné\'ham:cs — WShtew deals o Prec esses in
Mocrosceopie 515‘\-¢_Ms.

=} A\\ Preccssts NS no."’vrv_, m"cros¢°9:e av\é macrosr.op?c, are
S u\:", et +e on En c.rs\’ Cown sq.ﬂlo—'x'?e ) ?“?%C"\P\t «
In gréer ‘X‘o o.PP‘\' +ua Pr?r\c‘;e\l. a\, C_anSn.r\la-Sf?on °‘l' €n¢-f'5\/ ia
'\"kermoé\lr\n.mtc Sys’rcms we have to keep Track of 2nergy Fluxa.s tate
and oot s} the system ,  Liel, €nerqy E_xckomﬁo. bebws can
T S\’s}em “‘- Suvrounétnﬁ,s.
*
For any  process '. Au. = -AW
r— N
C.lmn1L in Er\ers\{{sw’&m“\ L’dmnjc, in Enerqy of
Sufrounéih“\s
That s N ?ar say inecease = ‘e
(X3 o

ivu,rsxl e&, e

§_y_.<>ie_,m Thace
deccrease in tae

anecgy a}. T

Com Pan sw\-tmob and

Svureceu né'u\_f:' .

?.c‘un.\

T\r\u s, +k0- on \\{ ua.s{ 'H\O-"" e In-\-ar nal E.v\c.rs\i a‘. a C\o sc.) Syslgm
Con C.L\G-'\XQ ‘s *"\ro qc\\\ o &\4 X u_‘. a\f\erﬁ\’ L Treng g-cr ) \h+°
or out - Tl sy slre.m . Thueg—ere N we Wave To k.u.P Yrach.
0\— Tase g-\\r Res 3 we et *o lene vy Yo dDw o;, T
$\| 5'\"&#\ .
I\\ e.no.m\ 3y W can :éo.vx'\ N ;s’ -\—...., '\-sfpgs a,\, e-\u.s\l g,\.nu.s
h\ O C\a SQ_A 5\{ &Ltf'\ .!
(Mec\'\c*tta\§ [RY-S rle WD
\'\ﬂ.n-* %_
| Werk ond heat are  both Enecgy .S.\wm-s ) ‘H\..\’ Steaply e presew+
Twe thﬂicrtu"t wWModes o‘- Enerjxl '\"ro.v\sslar.
T !!s_g e.\n&vs{ c-\ \N‘a\‘\‘-’

w3 e—“’—"ﬁ‘[ g\ox arisin Fram +ie Ma'\:P“IO-']‘“°" 01( tha
Mechanical Vvariables o&- L sy S"'O.M .
Fw =
L.a, X Velume

-pR 4V
SUC‘FACG. Arao._ X* a4
gt S¥ 4o
$" A
E*¥ dM

Fpoe b
~
$

Llectrie 3‘\?0\2, morment”




T,H.ﬂ‘ér__. R q: S ony other 2'/\&0“3\! g‘\\li tn o closed .‘-754-m
is ‘Xt“tr“\\‘f c.,,\\..é heoot . Enar a7y Yrans ‘-—gc Vioo Neat
Gecurs "Hf\roual\fs tncoherent a¥omic Protess es ... S
oaX omic Celli sions or (‘a\étcA-‘\ Ne

Fliesd

Law

’Pro cCasses,

A

=qr o

tga‘ui\lq.\ence. .ﬁ‘,

Belore Hio indogteia
+o bg g-uvsé &Meh'\-\\\\l
WMeasovred

in

as Qq-e.run.‘\'

Wer

-S.ou\i—

\J(o.o:\' € Worle os E\'\&ra¥ o

3*;;.:.«*

Jesles () Nz +m . )
E'_r-«-.>S Ll*)} an'Cm ( 10 irs =13
“v.o.T ; Cf&\of:G- ((q\) Uu:+ 0-‘- L\c.u..“’ rcju&r&‘) +o
?roéocc_ o AT = \°Q

\

rc.vo\u"-.‘en > L\m.-‘- 'f uarL.
quan"' P tres
unf-\'s .

were

Cons 7J ereJ
fact,

Haey

Iere

3
an

water o 25 °%
=)O-M°w-s\'ra:\'q3 ‘\’Ln,_ £ unla.lzhce_, o Lu-a'!' o.na( uork as fner;,.
+k¢-\1 S‘M?\\! Curr‘csp end +. L gs.arc.n'\’ channels S:or whioel €V\|.r3\{
Can be ‘*’rawsg.ar?f.é . Onee Evu.rsxi , any go(’h‘\ Enters ol
Sy s\-v.w\ Hats Enem%\l is red: $+r.LU+LJ oo~ a\\ & 2 L At?@u’zmr
“a bpcd\'su & Ha 5\[6‘\'@”\ J L.e..) kinetie Zn;ray Je.w'l'na\ ému‘jyj
\l:\oro:\' ronal R r‘b“‘aA‘;‘ov\g\ C\-c“‘\'ﬁon-‘g) ate .- —r\,\ts (‘c.J £+N Lo"‘n ot
vs called " e &1 vilibratied ,
A¥+E_( - Qﬁu:\:kf G-*\\ah '\'\’\.0. 5\15)'03'!\ r&‘\‘&}hs _No Ma o r\/ Q_‘
»\ow +k'- Q.Mraxl wias +ra.~\¥err¢, L.n..) Z or ] Canno'f' be.
AQ_‘E-QP M\l&e_; , ©Own \\ dul is wrel) Jg_q_]ugj..
Mot hemals ca\\\j W SCL\{ ‘H\c" . s - KS 1“.,4‘0_ Vo r .‘o.L;‘g
ber < . W are  NeT
v;:c.o.\ \I\,of\l.. -@ ( Me.n.Surc.w\c*‘\’S)
Wechantc al uor\a. in a-ml Process Con Be_ (‘_..\cs.a\-&ee& gfom
a “-'\oulagit.. of Tl ExYernal Fforces cetin on  tu system
ond  ta C\qna‘e_ T mechanical Vo.rtables Qur:mk +Ha process .
IV\ eneca ) , S:or- . awn 'mg“-u\:‘\‘v.ss\w\-\\ Ckon\t\e, tw the 5754¢m5
mechaunical Var it ables N
*
Fw = k- AXL
s M'.Ckﬂ.v\.:ca-.\ Joriable A:SP\qc;mcn'\'
)c"’":) U%q‘\'t f.x'\’erv\a_\ g:..\é variable
> a;ﬁ:—?er¢u-\—?a\ P in worle ( Tie Slagsh on A"Q
{4 o rewmiader thoat W is neT
§UM¢T ton

.
, el

Pl

an

$’+a‘}'(—
JCQ? e centoal N

' :n A_xmcj-



10

bq'\'\\ b“l e vxéo. wl

T(,v\;.‘.a-l

£ \echeical Werle

$ - 4&

[

Ph"'tw’k?%\

€lectct ¢ c‘\:\

Q:H-ergnc

%(‘o.\[ S '\'&.‘\'\ swal wo rle

] l E“ﬁm\ G\\ﬂﬂ\ 3 &

'\32.

[

-5

B :(\A'u:e.*or b"ux tam
* 3
w = S Foood % 1
o A g
:L—V\ Et\lra.\) ta C&\tu\m“'c (V] ) we
Naee ’+'o enowd e EL’ - 7(‘, ——n
; indil caYor J:o.afo.m gor Twe Pro(css.
%ExQMD\E.S al m&c\\anicm\ U\)or\l— —»
*. ¢
C_ew\?rgss‘.gv\ wor\«. l P /A >
. Jgu * F X
oAPY - L4 x .
® Tiheme = PTA dX
\ c\n.n1o_.
fmssar._ : - P ¥ AV
SUrgua. Tontion woerle
- % AL : dw = F¥.dx
N »
Area chan F : L < x
.[ R b - | - ..F_ . L oAX
S--—‘.&c_q. TensSien X L
)
— : 3 olé
ax
Linear E_la.s"»tc_ BU-') »
ez — Y
S - AL — Jdo

Abkm‘.s law

4 = LR

EIRE & .48

L\

: LR .48
aQ

w= ;R =
T3t
. 2 —_
modh Tk RET
l % kuc‘_\'\ c&»«w\t
ity

MoSS

AT




l

11

km«“em‘x\-:c S o EQ(‘MOJ\[V\O\MQCS_e
A Qua.n‘l':“'\[ 'S a S"&&g._ _.gs___:.&__n:)hl by \".F T

Connectin 4+ o twe S“'u‘i‘c.s -

The AIQ? erenc e S Elevation between two

(N

rv.aa.rélc- $s a‘- tha tront you talee s 5
T he Number ,; Calerieg yoor baéy

The bao.v '\'\/ e} o ,S‘)’a"’L fuﬂc’lfo o 5 that

Valve ( celarive +» Some commeon rq,fu-c.nce. )
QS' other State variables .
h[-x:‘/) SVQ.C-:Q-"-S 4he b\o.fj\d’
'quarJle.ss a,S. The ?a.,‘\'k Le:}wc.cn Pa:n-\'s
HA - g (Xs,‘(3> - h (X4 ,Ya)

Mot O.W\wlfc My ] wWe con al‘o )cﬁ-’al— o

() (B

Y
VJ\\G.I‘L ( 2\1 \i ( 3%\ ore Co.“e.z)
ot Y ' 3\/ %

Tkese. ?a.f“‘:m\ Aer( \rq,-\'{ ves§ \"a? rcSen+ 'f"anj ¢n+'
S‘ur;ac < at Tha Sp ecif Ted %y Paivﬂ' n

4

a.li\;it : (.% )‘/

2 Y

%uav{ﬁ‘l’y bctween twe States s inéepwéu\‘\' af T Pa‘ﬂx Taken

A SO.A “xawmple o} a slc\w. ,Fv.rc:\':on! NS “al{\lo-'l'?oi-\ " N .
A'\\( 'Pciv\‘\' on o Mmountain has G well Je.F:neJ elevation

Moontain s C ks-\«ﬁ) ~dh = it is the Seme  regardless
o} how yoo e)d’ .Fl‘om state A—B . les, i yeu "have

Some daviet That Meen Sure S your changqe n hen‘al\T‘ as Yyou
Walle  (ie., an altimeter) 1 il fecord Fhe Sama  Dh

A—3B Jn_.ouaa‘s on Tha Podk Taken~ . Se Jdees Fhe nvmber o{
S-{'e-PS \/00 take . These ar e quv\.?\gs aj{_ Pun'- Jc.fv.na’zn"r
ﬂVQVl'L:*""—S > _l_k..y afre NonN - State Q\J,.tq.')‘:oh’s.

This a\lawrs us ta €xpress this %uan"':‘fy a5 o ;.nu Tons

Toke  Aha elevotion N h at  any Poinl’ o

% \'\(7‘1)/)
@ Slepe * (&)x

chong e in Twa

po*m'l's on +he

et from A - B .
bvrns ‘f‘o jo‘f’ rows

H' LA-‘ a Prcc:‘;e
aT  anf P oinl ,

a. mo,P B
«t any Fo?n‘l' Y.
A<B

Aotal Jifferentsal 3

('Po.r"' ral Ae.f L Vative

slepes  of  The hOsY
the .S,Oceif-‘u) direet

(3

N

{\J .u



12

Ly Pro:) ecton
Y
AN
< ]
S\QP'_ G\bv\ob any acb:"l'r..r\/ o\ircu\'ron Y 5
= [ 2h oh
Ah (ax)ya\xﬁ- (gy)ny
Swpe deny § = dh < ah) dx S_h) dy
% o3 y di[ 3\/ X "\6{
Au 5‘\'&\:\'2. ?unv\'?ons \r\ave. *'\u, mev*'lm.m a."'ica.\ (JI‘oFef'I'Y 'H\n“' their
To‘t'au\ A:?g tren“‘\‘q\s are QXO-C-‘_ .
—
Congider the differcential €xpression For Some 8”“““':1\)41‘ s
Wit Atpuxgehe-. ard c\ma.mesc's A X ;' y %
dh = M(,x,y) Ax + N(%J\})a‘y
The '1'0.8‘}' -For Q—KQ.O."‘ ness is +kn.+ .
M . 3__»_15 icrass Pa\"'\-h\.\s%
Sy )x ox y are  aqual
Am‘ AifGerential  Expression  that  sat fsfres thss  reladion s
Cal\\ad awn < x > Ca and musd (e cessarily be
&  stale %on’t'\'t‘\\ whicl  can  be wetled as  hixy) .
T‘Al.. roouo.Lau‘\‘ Coo §of +]A‘.$ ¥ +L\¢A \-8— L\ ‘s s S+“'+¢'
S}vﬂe-‘\*ou 3 ]'\'S "\‘o'\'-.\ &?gg-er;wl-c‘e\ is 33veh k\[ B
dn G2 Ay Qah) J
% )y 3\/ X Y
W o —
™M N
Now i-\s?uﬂ&' %__LV\ s S__Pi
) o oh
» (3, (B
a\l X Yy /x 5)‘ ;Y x v




|

13

%\

3*3\1\) ) (
o}
path

Ax

\

Eq Uo.\:‘LY

o)
Then
Sam 2 3
Thaen
Poiv\."'

Re
for

vaor \“Q.B\zs
we

Yo

sY 5‘\'9.1\4

The the

Princtp\e,

-\-1‘ averse
be Tha
A\{ ;Ir st

Twa Sow @

A

, 8k

Ma,ﬂ\z x“ ion

Equilibe

Qare

Reca 1,
Macco scopie
T\I\u‘\' is )
Jariables

c\. the
"'e
cehormov s
Them
Sense ) o
Cor
S—:.,\A
\lar?o.,HL

veriables
—r‘l? Teally |

need
Conn P\c.“' cl\[
v-l\u.d

on)

& tremendovs

nomber o}

actvall Y

e

575¥

Simple
oN

O
o-.cktv.
-“\.GI'L

( Scc
Ct

ar e
Cal\ﬂ.hl
VS

J

%h
3\,3#

tn agpgv\ dence ,
Sy
that

“~

C«QLP&V\QQN‘S‘

Twe

e

MiKed Pd\'*\‘ul Jﬂ.!‘?vm‘l‘?fes.

)

\Mtxu) the

we
w

€m bodies

i

Meagvre

Jﬂ-"?v a.‘\"‘qc.s
Qualidat -‘\n.\sj 2
dh That
Po\.'H-\ (N kar«.

Lo
“Y

PA(‘L '\‘o‘

we

The

ae

)

fo
Thoes )
ind e pev\c} e.u*

T"m\rt S €
(&) P at

e
as W end

Po:rk .

as

s

Swmall Sobset
a\l  eHiers Wiy
o gew ol Fha Maces s copic
'\"nmrmoé namicg State

Tkts \Q.Q.JS

+hat
geud 5&

[N
m GZI“"-?-M otecal

lowm Yate i? o a‘_ The
S?ec\‘Qtee\ 4hen
o SP“"\'Y
34'“ Fhe
e s . at £clu 1: Lr.om -
$¢MP\:S;:C“'\‘?¢:J and  Means
MacroScepic Variables

Jo v a.b les

ovs\\,
{in  The
one w:+b\ a
ano‘ ON‘\{

T).

oﬂly
oNe Camfbs;‘,'u‘vhl

prcs.tvre,

em r.Q.

)
Sys{-cm

au-’\\{ 3
P"S*\’ lake

Ts VS ‘T‘s

Maaf o Scof ve

vp chaage w\\:e,k >

— e

Vot ¢ ab\;s wi e El“ [P X ¥ +o

Some lAJ‘\q:*

*han

s
USL‘N\
oS 0&“\[
- —-

This C—‘nou (4™

[« 8 ok more

Varitables is

SJ‘« < °L T Sys"\"cm .
ard 'rf'ﬂ-f‘/ ) al'nu-v7}. Sime Sets
sthers R The choice U{— TwJe.pe.J-o*-r

out of cansNVenience

define  the

Mac)e,

Conmsider Sieaple

(S

»\ow\ ogenedvs

bd\!w,re, C"\oc se

Aany
Llosd

Variabkles -

we
other

Com

Mmcrcscap-‘c

e

G.)LP resie

PlT,v, ~)

R(T,v,nN)
s(T v,nN)
Cp('r U s )

4 a:h—..

T,

Sy LLQN 2 Per zXaMp[c o 7(’10:J
as Twe \u.}zpev\suﬂ' ‘lan“LL_s
af The 67 u:{ cbrivm {‘f‘q:fgs Tz\-‘s
FV ""‘—'l' ‘o N o.[— Tkes«- ‘f'kre(.

v N
ProPeF+

as

d

" Funlc'\-\‘ous b& S+~*( "
(Ol‘l\l Vc-\f‘) gor qu:\§Ll"ivw\ S"'a-']'es )

be S(nc:guq .

P

PLT, v, o)

W\GM;GO\Q p‘- Equ:l\.hn‘cd\
States

A

>
4

T\




14

The {mc‘\- +hat {:ﬂ' Eiui\\"orwm States There ace eﬂ'\\’ o
Small nvm\;e_r ¢¥ {Jéq_@gv\é;w“\' W\QCfosch\"L \Ja(TqL\zs | Means§

ThaT 5_;1 ox. ‘he MecroscppT< Jariables Con be
T cadw c¥her MaThemat -:“c“\\\) . Tbn‘ s KquS +o a

= du: >_o)w ds *(g_t_l)wo\m@_‘é JN,

v N| S‘«‘ Nz

# C \'\o.‘\v\ ?ﬁk — L C_\'\o.xc‘ T "% Vaviables 3

Su?Pose wa Q.x?ema\ d00 with T ;,V a$ our
Vaorvable s (59 N he'} .F?xc) i Clo}c) Sys%m <

dus (3), 7+ (38), 4

AV : Pl oV
Jv = ——)PO\T+ )TO\P

3T Se

Then  Sobshibte  wnde  go fir du

dus (), (2 [(2) e () 0]

Fe arra nsiMb M

do s OB, (3, (39, 1o+ (8).(B

[ 5/

f‘t\o*‘e&
Trr.m e nJous

Symplification in T "ckumaén(no,m\‘es o} éio?I{Br-‘uM . (g,.)kick

+s 'Hr\a.. S"‘\'gl\‘\+ Mo.\{ ﬂa+ Ye Sewwn as a- SFMPITFCCG'F-‘O‘U
Since Noew all 'Hu.rmoé\lv\mw\-?c ?van'{'?‘h’zs can be reloted To
LacWh  sther '-)
B@\-org we Q,,,.:Xr]noL ovr +L\1rmog\l NoamMmits we nuJ +.
Freview Thaa ™M athw ng:\-\‘cs os.._ meVWivacrtables S
T—r;—rﬂ\ \D: ?-Fe.f ewm
P(T, U,N ) chpocJtW* g:mp\s. S.sfsl-.m.

{
2 () () (B

wls v, N N 2 comprment  simple system.

oV
(%) N,

IVJ Nl

e‘nc) epan J”‘T

Now WA w?s\n ‘\‘e Mu\ﬂ.l— < C—L\on. se_. n§. avf ivté q_?o.v\-:)n-*“-
Vacrtalbles s TebP . To . do  AHais we need o UFAAJ




15

oW
obP

( )T‘ %>«(%r+ %%)T 2P

o] C’) fnce T s hele ;\‘ﬁd >

24 CLLS (l"- ‘
= (BPT'<%V>T 3T /o

Note ‘l‘k.d a:* 'Hu. o'\sc+ ) wWe Could l\o.\l'v. sze.n c)v.J O\U- )
Terms o\. T ¢ 9
all = (9—“) T P
' FEAN (= T,\P
Thos (_t_'-) . (9&) . w) a_z>
27 Ip 3t v \ 3V T( 37 )
@
3 (), ()
| of /1 2v T oP /+
These ore 2 examples 6}- The chain Role
Nofo .. .n&q_ Q: T s*’ Q xmw»p\z we are dAO; l\'; :v\cb 'H'u. VQF?@B\C he—‘co
g-w.eJ :i- 1a +ha Secend we afre k-u.piv\% the Same
Vo;r?a.\;\t 9»‘&:.:;\
A QOM\\- way '\":7 Rq.ww_mbec _n\o.sa, is ‘Hm.‘\‘ l's. we Slh.r‘\’ gﬂm
Fha Total afgg-&rc.w'l's‘w\
Lon du = (W AW\ v
’ ( aT)VOH- (8\) >1'
We Cand  Qivid e Tkrou?\\ be L
T Ip
(), - (3, (G, (), (2
T Ip T /vy Tl Y /¢ T-->?
=1
5), (), (2L ()
% [( BT)P (BT V+ Lav T T P
{
of , we can a\?v:Jt 'H\r.w‘\« LY é— )1_




We Can vse the Same Scheme -fo Prcve. +he ,s.gs_b'c“r_eﬁ-, b

Corwsider TP e} =
4T - %E)HAP+ (%%‘)Po\u
dwide  throvgh be 5\3> .
T
Y 3T
< >T: (SP)H(;P)T*@%P(%%),

20 =4

O

td
Ve
i
\/
I

-‘-
7
QJ'QJ
bl B |
~——"
-
-~
Vo
o %
_'\../

e O.N‘QnBTnB . é_'[ ) - - B__T ) ( @i? > C\lc\tc
of H o S oP T Rola.

Om g,\‘w\a\ rvle we  nedd °s o Ffe cipro ca)  thescewm

\

koe., (éf.) . <§_\£
oV /¢ P

T

US‘I\B +\u.. Te c\v rocal '\'\\q.orr.m e Cawn

J Fe,o,rrq,)\jb "’zu- c}«C(\'C
Fu\c. .

Ne———

1 (R0, (),

Neatice ot only '\"-? < opfear as Variables _‘

4 AN

Oue S‘—erMU\n +. Note \ (e wih pPreve it loker  when we introducd
Maxwelh Realodtens )

dw = Tds - pav

(), (8), -
QU
ov

) ——=  maxwelt clation

\( )T ;T(éQTf)v“Pj




) Tze\Ieréfb!g, Processes o

—

Uy the

mqnipu‘\acxton

c{— 4he wrall s og Ha Sys‘l'em K éaﬂt
slau evxuvi\a then +he 51,5-\—em wi il a\wwfs be '\n¥h\ t¥essy mo.n\f
Clese 4o anm ﬁgul\\‘br:um Stake  duetn Yhe  process. This Type
of Process 1s cCalled a "reversible N process Since The sys’rem
LY Hraverse theough  The Same  Set °F éﬁui“brc‘um States in
beth tha gorua.rd or Meverse A?rec} ions,

Tan teversible Pr o cesses ) 'Hw. Sysxem's ih'\'enstve. celd var raB\LS
are. in  mechanical o,auili\:cium with  +he  axtecnal sl:..\és.
. * NoTe? Assomplion that we can)
M. Q. \ S [- ¥ + N & e '\’s

, P - P( TJ V‘ N) 3Mr¢_ vrface, engien G-F IS

1 System gressore ( Stake Vartoble [or €quilibriom shte)
1
€xYernal Pressuece
| Vi, Va
= L F -S P dv = -g P(T,v,n) dV
v, v

Valid ?.e A\ processes

Valid onl\{ For Ravers'ble process

The \ou»u-\-\l a‘. feversible
V\Qcéh\ Yo Kaows -P-*

FroccSSes ) 'S 'l-k.:\' ins‘-ch a¥
Sst—gm S'La.“"b

Q\en% e Pq“'h ) we

Can vse “the
Variable 3 P.

Example * {soTharmal

Coon presslon/ Expan ston q}, on

ideal qes




P\\/\ — ?l\/). — ?ZVL

4&
[y ¢

—~———4
AN

Vo vy .
VOlumL
VL
w pod -g PAV et - P\ g A\/ = - P‘ (VJ_"V; 3
V,
6)ﬁ.\/
This s vide a 45:'\' Smaller 4han the workk dene on the
System  in the  previovs ¢xample . This amphasizes +the Pex‘n+
That AU is  the Same for  coch process ( both processes shet
ouvt ot PNV, and wwd o7 . PV, Since W s o State
Voriable | U~ s the Same  regardle Pa ),
The Pow\'\' 'S 'l’ka’\' the €nerqy Af{?e\‘ence, between twe states
AY B is o fixed guantidy |, DU, resaré\ass sf the path
Toleen. Howevee , the work Sene i o process w'ntck Fakeg
State A - 3B _ao_gu\és on  the palh T 3en¢ro.\ N w

Wil e &iﬂlzren‘\' %or Qfgferevs"\' P“};h S.

18
a\onca an Iso'\"kgrma\ Path ) T {s the& and So we have *
V,_ O\V
\Y
W = =NRT & Vv - NRT Qw ’*/\/‘
\jl
w(‘&\l = -~ NRT er\ \_/z-_ ' f&au\ 3%5
V.,
Compare  +this Valve Cor  Wrew Yo another reversible
Process where “the System Yraverses from



%_Aéio.bcﬁ'\‘c, Acu.ssjh:\(t}__c
We Con o\;rec\'\\,

indica¥or

measvre mechanical work

O we knew +he
a\-‘cssram CF*, %) o} the

Pco(‘.ess. Howwer ) \nou Qo
WwWe measvre the (iuanr:-\-Y ol heat -l—ro.nsg.'erreo\ inT a processz
This  con on\\, be dene fz\él‘re.c,-"\\[ viao the Princtph. o} Adiabatic
o..cc,e.ssi\pﬂﬁf s That s ig, we Wnew AW Qor the peocess Fhen
we Can obtain ?' from the reda dvon G
q’ < A(A_ -L,\J (g‘er G SQLCI‘?CQ procus)
The

P?‘mc"P\z_ c* a.é ia\:au)n‘c, oce G-S"a'\b'\ \\5-\{ S‘]’a‘\’cS +hm"'
i a\woﬂ S Connee fwe AT,F? ecent g_?u’.“ brivumn States

adiabatic {)ra cessS whace en\\f Machanical

we Cand
Jia an
wWer ke is Aone.,

CﬁNs:éﬂ” +uo &p'-lihr:um S+a-‘\'es e‘- o s~ls¥¢m U~.‘ (T‘, \/l ) \f u,_(Tz,\/;

]

AS Io-Lo.‘\'Ct

€xpansien

Z Mmechant ca.\ st ircer  of

€lect cical werk

T, 4

-
L 4

; Vo

Nete , L\owe\le(‘, thet od -‘o-‘oo.lic Jdees Nov énsure 4hat
+h€. 5"1'o.+¢$ P\ { B Can bc Connee—“'eé b‘l an &é?ab a‘h‘& Pfo cesSsS In
£ S Thet dicectten -

A Adiabatic > B

0.CCeSS ¢ b\‘ ¢

%R L_Aél'cx\:oA-i‘L
A <
RAC«\)&L?&
But  Nor Neccssul\\{ A—258

1_"\‘5 \QM}"'u‘\\‘on

ar Assymmetey (0 the  Srectionalily ob adiabakic
Processes embedies The 2™ \aw o} Fher maé\[namrcs — which
we will A?Scoss latec .

Adiabetic aeces slb;\tl\, Thes

Ensvucres ‘]’l\cc" we can 'O.lucu/S MmeaSure
C(r 8]  any process through

Some mechanical Calibratton .
q = AU - W
L - Pc:\'k azpenémf (kaauica\)

I«\)tp enébﬂ'\' 08- Palhh . Coam be
‘Qrom Seme 00 iab a¥ic

?a'ﬂ-\ Dgpu\ é ¢ -:T

meaSumb
Proce $s




\ \ ”

T:I;oc.‘t\eﬂc ‘Proc«ass o

The -C:rs'\' -law olU. < &%' + &(a.)
= c*% - Pﬂol\} + é‘wn_
* N '
where - P7dV is +the Comf-/Exp. wolk i‘-
o'kbd,_ VS aMI a333+\‘ona\ ( t;d‘ra) wofl Termg]
A¥+o.r an ysocheric Pro cess wheare No € XYtrao weoerk s
Pzr?ermq_& C &0, =0) , Then

Ju’ = o‘t-qr Subscript s addad here
Vv
To femingd YS Thal The Process s
\ tsecheric

Non-é?Q.F&fen-"\o.\ ?reczsses . We Con o,\s., weite

DU = A + W

Uf\étr T!-c.; ?* ) we »'sa.VL N
*
A = Q- PTAV + W
U o)
L— - Extra Work term

Ta any Process N fg AV D (i.n.,_\ \I‘=U2_) and No extra work s

dons ( WSe =b)
—\ = we can relate Ywe heal absdrbed
“'> A(L QV 2\91 the S_\L.shm 1o its Ehcrjy C\nansc.

TL:- kea'\‘ a‘; SQ\'LLO\ 51 o S\( 5)-9,”\ ' an ySe C.\r\orrc, Pro cess Can Et re.\d'
To ‘he TeMpu‘c:\'orQ.. Cise ki 'Hr\e (Scc\\orrc \\u»'\’ Co.pa.ct-l-\l 0‘\- the SYS "
In ﬂmu-o.\) we cawn éxpanc) any s¥ate ?uﬂc‘s-?oﬁ ‘in teems o any Com lefe
Set o} tnéepcnécn'\ Joriables & The  itaternal ener v s w or a Stmple

S\'s'\'em ) $W‘¢3\e-CemOonev\T . Shmi\n. 'P\\q.sc with o Cxtecnal frelds  other Th

P"'—Ssur& ,U~ can Ye Q,KPe.hJeA {n o SeT. o;. 3 \'v-.ée.puehvd' Varrab

wlTvn) = duw® 3—0) 41 4 (é_“:) dv x [(22) AN
\I‘N T,N

2T v SN _
'?or g"x«) N, dN=0 > dW = oy > 4T ( a_"_",) dVv (Eonpd N)
AT /ym ¥V /N

c)t&“"- '\'kﬂ. ‘W\o—'\’er?q‘ Pf°(’°f+‘i; C\I < g—%_) R (.I.SOC‘\O“?C- heot “Jf‘c;h)
v,




| _

> ldw = CudT o+ (g_t-) Jdv Prned N
T, N

e

Ec\mrm Pr‘ocesso.s'e Al = CyvdT

-T-l\{., fSoc\\or?c. \'\eq,"* Co.?ud'\'\l ) Cv, Can be \‘Q.\cA'eok e heat {:\ou

thn an  [socheric Process when No  aexTroo yerk s pu'g‘ormo.al

adk = CyvdT = ‘i%v

Fq } Y
a8 Cv :z 9’\')\/,«)

ofr

C\I 'S a matectal coq{.:c:owx- which  <xpresses the rel ation
betooeen dne et adserbed A o Sy stewn ad g-txeA velome
Yo its +¢mp erature Cise.

Cv s sl o stade Qv~c¥§o.~\ which  can alse  be  expressedh

as o Sumchion o} independent Voriables *

Cy = C CTIP,N)

C\I s an €xtensive  \ariable We can o\q_,g.‘im_ an
\n tensive ciuo»n-\-?'hi R

—

e, * ¢z G
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kISobo.ﬂc, 'Proc.esses - . (E_v\‘n\a\psf , \-\) Stecte ‘QQN¢+?07\)

Wwe  Seline a new state ?vﬂc‘\'tbn called  :

L“ £ nT““\P\/ " ) Rz W +PV General Dv.g.tni-\-:en
{

Sybhewm Pressure

H is o $)(w’\'e, -FvneAw‘oN Since (L, P) \5‘ \V/

Comsidar any process ( feversible oF \rre.\lc,rsib\e> where
The taidial = final  pressuces o} the System

are Qquo.\
to « Q: xeod €rternal pressure | P* .

AW = Au+ ABV) = Al = P*Av

Now apely +he (- law
A= Q- PP AV +w, + P*AV
QA+ We
H,  We=O, .

= AH = QP Lor Aay  process pre v ided
?\ = P?. =P * - Caﬂs-‘-:u\-r
W o

9

I

- The heat ad sof bed Lx( a STS‘Lem in  any precess where  the

External  Pressore s foxed  and PP =P* s gtven by AR
(Prwréné bd,_‘-o) .

D\SQ eren-\-:a\ P\:g_c,ess-gds_ .

Al = dw > d(PV) = dw + PAV +VdP

grom e V- law &

4R

"

&y - PTAV + DAV + VvaP + duw,

avre o) S tate Qvﬂe"\“ons .

de - (P*-P)dV + VOP + dw.
i PPt Conshet W0
> dh = &q,




23

Since v

o sx'a. e gu r-c-\> tenn , we Can £_*Po.né its +a+m\

Aiffecentral  ia any Convenient Set of Varlables . 1P we
Cheose HOT, p,N)

: o8
R (35), AT () ar s () aw

{:or ??xeér N ) dN =0

PN o€/t N oN

T,¢

=>o\u=(’§i:)?‘ AT 4 (E?Tﬁ" N foeed
We Jefive *k; Moterial Propacty )
Cp = (z—"np . “tsobaric”  Heat Capacidy
G Y (%*_;> P Crees N
I~

%o.— i sobaric Proce 8s2S , cl\-\ =Q?d\T

TL\crePorz 3

s‘g P‘P*= Con stanT A AWe =0
» W= Gdr - oA

P
or
3\—%?2 o = (‘éﬁ
aT £ 8T>P,l\,

C? is Similar
The amouvat

4+, C—v Qxc:np'i' $hat + s a Measure o.;.
ol heat Ceq vecred ~o Ffaitse the '\‘eszt‘a%’urL

ol a 5\{5“:0\4 b\{ i°w ot ConsYanT (\:>ressure_ NoT

at constant

valom@..
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‘e Aena.fa\ relations N

dH

(U

CodT 4 (%‘g)T dP

W

9

QudT =« (—2—3)‘_"\] AV

Mx'kL, + PLVZ.-P‘ \/l

A(L : QV an tsocheric Procass (;;- b-)e"D)
(v,:v,)
A H = OP any iso baric Precess (*\i_ (JJ0.‘~O)
Posp, = P*

ofe (_x'\’r.,ma\\! usq_go\ Since -HM\I Pravréc impor)ram-\'
Connect ion \Dc:’ru.u.e,n Calorimeterc data ( heat ?\ow
Mea s Ure,meﬂ'tS ) and +\v\¢rm°<§\[na.mic S'\'a'\a_ gunc'\-(‘ons .
The otil: '*1 &) .. :‘. 3] are Not \imited to
isocherce or isobaric processes, Changes N
These guﬂel\--‘ons can Certainly be cal cvlated rejo.ré\ess
o; whether AV =0 ec AP:=0
e Ad = A o+ A(pV) =

g\“;&e.é N
S“’\’\L P»\O.SR—

’??J&QJ (\]
Si v\q\t PL\“- Se
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L:‘ Sensi ble ) Heal -
The EnThal PY é?gg—ereﬁ Ce ( HT - qugy o}

aX congtant pressure is *ermed T, " Sens
Y
H'T - \'\ma : X QP(T') a\Tl
29%

6qve\.’\'\“on o} Tha S:orm

Cp(T) = a o+ LT-.C/T‘J'

oJ‘. The Fransition WiTheut resyWtin tn

Thwe

WiTheut an increa$e  in Temperatore
S:rom o~ Selcd to o \Cﬂu?é .

“U‘MO Q»Bmu §_§_r_~'| - Aep \ i (aA' rens a\‘ -\- e \ st Lo.cd 4o

o 50L5‘}omce.
bl WeaV,

og‘\'en, The Cp o} LN .$uL8‘)th¢. rs upreSSeol Ly an

QMP}r?ca‘ aqﬂ.

(T‘L? [ QrtN . 'S '\'\‘ ] "cc.u\’ valid on\\{ GBOV& 295w )

Ty o pPhase  Yransiteen occors v YThe Subs‘\'a.\'\ca)

heat May be abosoerbed or released as a censeq venge
Q -\_Q_mPEfQ:\-UrQ_

change . This  is Called  +wa “Late@4+ Heat " <« must
be occovnmsted g;ar +e obtain the Fetal Sensible Weal,

O'\L o.‘. Tke. S\mp\cs‘\’ €xam plzs weu\é be "Hno.“" e,}. MQH—.‘ha,
Ar  +he W\z\-&-?vués point a Substance  will adserb heot

heat

adser bed mg.rc\\/ "\"ronsgorms o porq-.‘onl e,{, The Sample

Chem: °°i_,_?_’.‘.’.“_'—-

or evelved ,Q, in a change of state cCould

TN bdw o AR between The tnitial ! -pfno\ Stefes ,

We  Showed bo.@ou.. 'H\a‘\' onder  certain processes dhe heat alScrLaé
be (‘e\o.‘\'ed Yo

re arJ less

Measvre ments of +he heat clolved oc absorbed in

Provs‘ét— impor tant clo:\‘q.; on Tha A % AR

ij c)ea.\,s with T ‘\uc\' associa eé with chemical

chemical reactions

Can be ebtained q-rom Calorimae Yric mQQ_$UfeM¢1\-\'s . |L\¢$Q

Q)Q,'\'u-\ ean) 3

\‘G"-a(‘er\"‘-

O} WheTher the Pro(zss wes (‘gversf b\e., S irreversible
A = AU isochersc  process Ne Warle
A = AR tsebarte process P P2 -P* No OThee welk!

rmc’mms,

Wed gL remerﬂ'S

S“'o.-\'z) eg Mo Ylac |
Q<o trxoThecmi e
Q > O EnéoT‘l\erM\‘C

Ol\eo‘\' 3 T\ewn

f fr syshen)

(heat absorbed inte|Syshem

T
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Fxsoc\ﬂeﬁc Ch\or‘. me,'\'c(‘ e L.gom‘o Co.\c:r‘ Mef*c(‘ )

ar 2 Qé?c.ba.')(ic LWeMsg
(Vacuvm , dewsaced D

Toral Sjs%m

L—‘(Scc\nor:c c\—m.m‘ber
PR diaThermal  Walls

B

AR # 0 Since P, ¥ P,
fregd-law AU =/@{ v s =P av e

<0

re

=0
AT, 07) - R 0+ uP v - UL““QT\,\/) =0
Cal cbd prod : eac
Co (1) -+ Cvp (.-T,) +uw (7,,v) -y 1L'\‘\,V) =0

m  feact e
(To,v) - W,V - —[Ce‘“'*rcp J] (T.-T)

TMM (T, V) - -[Ce“‘+ pre? (T::.'T\)]

Mse  oblata OR W owe lknew  the change (n nowmbee af moles
as
3 AR = A+ b PV

(iosnorc o volume o} any k\iélhqmbs)

\ . Co Py
iGN AS W TUREE SRV R -0 ISR VU & ARVASEES ¥\

al a ta
(T ,PM) e PRV \(T,_,P*)]'[u. Cr ety - PIVElT, et )]»fu (Ta,V)-

6

feact

W (T,v)
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#&\eﬁ m*\'ﬂc .Dz.’\'uw'\‘mo.*i‘ans e,\. Heat C_qDaCflteS Y

C.p tsobacte  heat  eapaci Yy

3

—2 o.éht*a‘\-?c Wall

p*

Fue = €1 de = (TRde
Resishive Header ( E=iR)

Q=0
Ro-d,,, + B - B : LRt
f';-":::‘zmhf}:“"se’ I“.;:\:\:jme::‘:“‘ik Tl Fime ht‘A‘" i ° s"

(SP-‘A gible Heal )

- "2 -
\'\T‘\-\z“ - r Rt = ( "\c.x,-r "\c..\,hs)

a\L H dac | vative vol (espect o Cunrenr) Tew\p .
(3__“7) = R <—_.3t> _ ?“u\ﬁ)
ST /¢ T /¢ T Ip

e p— -

(gT/'b't) P
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ol  Reats 6.} ’Rma.C'\-(aAA_

MeaSurc Mu\"" S

b@.alor me.‘\'rtc.

{sobactc ca\erim;'}i ?\ . Pz = P*
Con aiéu‘ an aé;q\ga-\—:c, C.a\or\md'\' [X o wkere. ‘H\-L Faaa&-ror\ ecguLrsS
at Q?xad p¥

/‘ OPQN

e aéta.‘oa-\'?c Walls

W0 bath  tnitrally @238 Kk

Adiabatic Q=0 for  reackion  Species +  calerimeter
P,=P =P .
l * AHTOTQ\
We =0
> \¥ 'hr\.n. [ ZN 340.5 +° cgmp\a-\-t‘on N

. (298,0%) - v (298,p*) =0

r

\—\er“\ (.2‘1‘8,?* )+ Ce, prea (T -233) 4 \‘\cg\/}“&/,(’*) A CP;C«\ (T-29% )

- H(‘aa.e.'t (qug P*) = HCA\ (M ) =0

-

A Q?J?"“ * CPJ““] ( T -298 )

Hooo (T, P%) + B (T, PF) - H

R

ood (227, 07) - H_, (298,P7) =-

———

(293, P*)
1

&)

cxn

_—_) [A) C?,Pr-o\ +C-P,¢q\‘l (T-ZQ%)

reacﬂl- TonN

Sens H‘- Hea“ a.s.
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S, = L*RAt

AW = dl + dAlev) = dW +pdv +vdP

g-com R L) ‘a\..\,
dn = éé/_ p*%Q R AP Q*é :};6
¢
o (@]
(&H = a‘twg_ = ng Jt a)?aka.'\‘-‘c, tseloaric P:P")
Now we can a_xpa.no\ an in terms ol T t P
o]
dRr= C.?oh 4 (_S_t_" ) % = LR At
P /v
L, -
or /.L‘K é'_t_ -~ < = ( _8_‘_.'\') o.éfnkw\-ic) §$o‘aur?<,
®
T
CP
Q;’v:o\
)i
L T —
T b

— me,Q.Sur eMCﬂT b‘— CV é‘ C£ Py
As c\IscvsSeJ Eocliar . TThere HEN NO o\?l‘ ot +B
Measore Yhe heat ¥ lowd into or cot &f o Sy stem Hawejrx‘,
we  can  use  the  adiabatic  dccessibility  principle  (p.1a)
To obtein Q@ T—or any  process Ons meThed o} Measuocin
CP ‘e -\v-° Ve e \ect reeat worla 4o Cats & "l'(vv. "l’o.mptro.‘ww&
9,‘, a Ssl &‘\'cm q“' Cené"gﬂ.\' ’P . ( Similiar e P~ 23 )
1 ,
- D¥ N
e CLA\"Q.L»'\'\"C c&(or‘umc'\'er (e*% '~o) P z P |S°L4n‘c
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RO«\ausrten bd‘wmr\ Clp ‘ﬁ_Cz .

Regall du = du+ d(pv)
dit = ¢c,dt o+ QQ) dv  + Pdv + vdP
™/t
Nowd Falein B B '/a'r \p
(), - < (G« (3)(3), % P (), v (38)
1 )

We Can {Aenlfgxl '\'Ng +Q.rms uL\?t\n Con'{'r:bu‘\'e "-e 'th.
o\?ﬂ:u‘cnce. in Ce < Cy -— both Cesu l+ ?t'om thec mal

Qneans?en 5{, The Sy stewn (DVI”SP R
@ P (3!3 rtpreazn'\'s Expansien work Jene ‘01 +he
ST /y Sy stem per PCRE o increase N S S

@ (éik_) <B_Y_'> (‘@pce.Su\"'s the E.nu-%\/ ruiutre,i to Sgpc.ra'\'
T P

the malecules ( 03&"\(\5‘\' the i'\'\'{rmc\ggu

o7

atTrac hive ‘;orces) per uni¥ increasge

™ \

(Ne <Can Trpress Cp-Cy in @ c):g;;eru\'\' gorm k\, Nc'\‘rma Y

(%), = 7

(5%)
o | Cp-qy = T(?X(%’t)ﬁ'}

- P (prove \a e )

where oLz “\7( 2—5

P
: )
T\r\uogore , [ CP - CV D O G.,Q).UO.\[ S‘\-

k

-
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€ xampole - eall 3«»5
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( Qk—:) = E}_ = -ﬁ
3T Iy v T
(&) = =2 . ¥
ar lp P T
G-t T () () v £ v . &
P v (a'r )v ( AT P ‘T T T
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Lee 3
T hermo chemistry * Ape\ico.'{"n‘on ol  tha A P Chm, TRxn,
Ke call That under Cactain fre Ce $5e¢5 Yhe heat adsech ed
1y Ew a\veJ R Q > in a. chnnje Y 54-;4'& Can be related
T e LY or Fal 2 betwean Fie initial :a Fh\o.\
Stetes Cegardlass 8}  wshether . precess  was  ceversible
oc ‘Zcreversible |
] —
G. = AUu fSQC\\oerc ?roccssgs
Ne torl (we0)
Q- A ) r.:=0,= P* Con 5*‘«“"— (?50La.r§c\
Ne  Etree  worle (Wg=d)
Ther mo chemi s'\' ry ote«\s wWith  the \w.n:\' associated with chemical
Teacttons . Maasocre ments ot e heat evelved or
absecbed in Chemical ragc¥rens Can be_ ab"'o.‘ineol Frem
Coalor imaetric Measurements (hese Measuyrements rovida
’(m@or'\'qv\+ data on “Theo Dw ; du bt wean ol.‘Fferch
States o+ mdiTer.
Classi ?3 Cq_'\_-'g\‘\ a;. Rxws' ,
Etb-\'korﬂ\:c b4 ( aQ {& ) He.a.'\' e\!o\\ch\ olvc —+e
Cand o —\_?.mpera."'urt. cises in mé‘.q.‘oo:\"?c_
Coletim aYer.
Enéo-ﬁ“f?‘m‘\e- . CQ >0 ) Heaot ad sor bed JUQ_ e
CNY% . Te_m?u-a uvle \owo,rs A aAto.bq.“\‘rc
C %Nl .,
TO A: Scuvss +kf— +kermo A\{ fami CS o‘- C‘/\emtca\ TRANS ‘l“’ Us
Convenien Y o Fepre sent o chemical feactron LY an Cfva.'f‘rorl .,
" Mass %;\av\ea ?\q_\o."'-‘bv\
S The Som over &L s aver ad\)
o = Zl jc /4* Sobstances (5) iavalved s %
L=y T X, )
where ? Vv T Stoichiometeic  €oefCicient s
o [t TN \f‘_ )O Pcoéod’s
\}‘"'_ £ b C @actaits
Ay = mole colar Comjenen‘\" of
Sobstance nvolve e AN,
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E N GvA 2\0. .

Considar e balan ced x> ¢

l-\.,_ (3) + ‘Iz O, LB) _— HLO (9—)
_Bs( Conventian s Cxn Weusld b w i an
0 < - 1 “L (3) - ‘/Z 07_ (3) + 1 H-;O (Q.)
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[

i

No‘\’e‘. ? s an extensive ?uo.n‘\'i'\'y W g

2( s clt?'mul \o\{ he boalanced chemical rxN  that
wWe  warite Aou:nd .
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2“1 (5.) -+ O,_ (oa) prm—— 2“7_0 (5) :{ , A g = 1

A N“;O- D—

units e\- moles.
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P*M\AM‘A S"*“‘S o
T"\‘- \°~f°3¢. Boel&I 8;. ~I’luec- mo chemi cal oln.'\'cu. s rmc\-:ows is
Taboulated ‘-el‘ (‘t.uc.'\-\‘ans in which “‘he feactants ‘t‘ Pre ulud's
are iA R §+o.né.ar3 States. LOhan Substances are in
RN Stondard State ) Wse Uuse Tha Su?tf SCC:PT "o .
S
o o EnThalpta s a} 5'*’»\.“4 cd
Ar’ \-\ LT3 = 2 \r;, H;_ (T) sSTates are ot\\s{ F:uci-:on;
=1 5% “Temperatore (T).
B\’ Aa@in‘.-\-tar\ i
° The standard state a‘. as (3) N The vre Qqas a e
h~1 Po‘hw.‘\--‘cal idaeal as state of o~ ressure s} ! bar (_Pe]
and ot Tha 'T'A-mqerm*vr'— 38 Amderest .
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\ic‘ v A 0.'\' ? e %. —T- .
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(CL%> = 0% seous solvaktdd Species
(Tk?s vseeqe is  mow  doselate bt skt ose.;li)
Nete That  for ases , The Standard Stahr s net  chesenn b be
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" : b 4 Stact
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iéla\ a. S 5-\-,;\1_, Can bt Lo s 1\\' CQ\ C u\ o:\'e J Qrom Gch'h-o scopic.
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of Tl Mmolecuoles . N
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) waa Cawn CA\cula‘\'L
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2 C O, <y +2/tz/0c3>

‘ A CE:\‘LYus*_gA
C,OM\?US"-::M Rawms e Ac W Ao b \Ac\'\
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Teactants _—__’Arﬂ Pcoe\u¢+s
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