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1 The First Law of Thermodynamics

U=Q+W
H=U+PV
A=U-TS
G=H-TS

Cp= (Zng)P
Cv = (aT)V
Closed (A = final —

Qp=AH = [Cpdl
Qv =AU = [ CydT
initial) : AE, + AEx + AU = Qm — W by

Open (A = out —in) : AE, + AEk +AH = Qin — Wi by
1.1 Perfect Gases
Py PV,

T T 3 3
dU:CvdTV dH:deT Cp—Cy =R
Monatomic: Cp = %R Cy = 3R
Diatomic: C'p = %R Cy = OR

1.2 Isothermal Process: {AT, AH,AU =0}
1.2.1 Reversible Expansion

QT revin = Wreupy = nRTIn {# = nRT In £ = —PdV

1.2.2 Expansion Against External Pressure
_QT,in = WT,irrev,by = PSXAV
Free expansion, {Px =0} : Q,W =0

1.3 Isobaric Process: {AP = 0}
AH =Qp =CpAT

Wp’by = PAV = nRAT

AU =Qp+ Wp =Cy AT
AH = AU + PAV

AT = £ (Va — W)

1.4 Isochoric Process: {AV = 0}
Wy =0 AU = Qy = Cy AT =
AH =AU+ VAP

1.5 Adiabatic Reversible Process (Isentropic): {AQ,AS = 0}

V(P2 - P)

—dWop = dU = —CydT = —PdV ~ dH = CpdT
y=E& PV =RV TV =TV

~

R _R_ 1 =1 -1
T, _ (v\% _ (B\%% _ (wu\" _ (B 7 _ ()’
Ty Va Py Va Py P1
_ A

1.6 Reversible Polytropic Expansion

TV 1 PV“’ =C
1—v y,l—v .
Warewsy = C f Vo = R(lTE:/Tl) _ C[vy 1,7\/1 ] =Cy(Ty — Th)
1.7 Process Equipment
Nozzle / diffuser: AH = Ej in — Ek out Ws=0
Turbine / pump: AH + AEy = £ Wiy, W, = ff VdpP
Heat exchanger: AH = Qin AP =0
Throttling device: AH =0 AP #0

1.8 Carnot Cycle (Figure 1)

W : RTy 11’1 — CV(TH — Tc) — RTc In V4 — CV(TC — TH)
Qc _ T; Qut+Qc _ W QH Qc _

77_1+ C_l C_HTHC QHC_QZY +TC_O

Whynet = R(TH —Tc) ln(Vg/Vl) Cooling CoP = Tc

2 The Second Law of Thermodynamics

ASuniv = ASsys + ASsurr

dST,rev = % AST,F’,rev = A?H ASgyr = Q\u"

Turr

ASTss =nRIn % = —nRIn %
ASP,sys = Cp In % ASV,sys — CV In %
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2
Ideal gas: ASrevsys = f VT + nRIn V2 = f %dT —nRIln %
Solid / liquid: ASp , s = f Cedr = f Svar
T T

AU’S H
T

. o < T
Solids in contact, adiabatic: ASp y,ss = >, (n;Cp,;In Toi_)

Phase transition: AyS7, peys =

Isentropic: nCp In %’ =nRIn % nCy In % = —nRln %

3 Thermodynamic Properties
3.1 Gibbs Equations

Fe{S,PV.Ty:dF(t,r) = (%), + (%),
AUy =TdS — PdV T=
T

(OU/0S)y —(0U/9V)s
dHrev :TdS+VdP = (8H/aS)P V: (8H/5'P)5
dGrey = —SdT + VAP V =(0G/0P)r S =—(0G/dT)p
dAwy = —SdT — PdV 5§ = —(0A/0T)y P =—(0A/0V)r

as = Gpar - (5%) ap (5F) = =ps

AS(T, V) = fCVdT f(ii) dv

Tl V1

: e 2 oy
AS(T,P)= [ SedT — [ (8—T>PdP
Ty

Py
AU, V) = [ CydT + [ [7(22), — P|aV
7;2 V Vi
AU(T, P) _j{ [CP - P (%)P} dT—
P> .
Sl (3r),~ 7 (5),)ap
AH(T,P) = [ CpdT + [ (-7 (5%)  +V]ar
7 " i

_ 1 (av _ 1 (av
@), (),
2=(%)r=(5)r=(37)y
3.2 Maxwell Relations

dF = AdB + CdD — (9A/0D) = (9C/B)p
U (AT )9V)s = —(0P/dS)y A : (9P/OT)y = (9S/0V )z
H:(0T/dP)s = (9V/dS)p G : (dV/IT)p = —(8S/0P)r

OF, OF: OF: _
{s=P=v-1O}: (3 1)F2 (W)F (QT)F — 1
3.3 Departure Functions
7 =270 1 wz(l)

e =gy [ T(
Veo

B ar o
Creal _ Creal — ( ) ( )

AHGY, = Hrp — AHTJJ
T> | N .
= [ CpdT + ARy, — AP,
Ty

e a9
Co—[T(3
Py

;Z)Pdp

AH (1, p,)—(1s,Py)

. . (0) . (1)
AR = (AHEY) T +w (AHST,)
ASFR, = Sr.p — ASS p
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5 5 4.3.3 Liquid, Pure: {T'=7T°,P = P°}
AS = [ SEdT — Rln B + ASEP, — ASHP ’
(T1,P1)—(T2,P2) Tfl 2 Ty, P> T1,Py {psys — psm} . f;ﬁ’(l) — f;;t,(v) = % Dsat
. *x * — *
ASS?I}) _ (ASdep ) (0) oy (AS*;‘?‘},)(I) {Pyys > psar} I ; Ja0y? = PsaPsa?®
5 v, —Psat
yo i (05
3.4 Joule-Thomson Expansion ~ Ta
wr = (95) 5 20TV ST AT 434 Liquid, Mixture: {T = T° P = P°}
Lewis-Randall: f?) = =; f
4 Phase Equilibria fiwy = miwi gy = vaividli
Te=T8 pe=pP Ge=Clew=pep= 1=l =7
. Vi > Yoo,i} 1Y =1 x;—0
4.1 Pure Specnes, 2 Phases olny _ Vi—V; oln~y; _ H;—H;
dp _ _HP-H" oP — RT dT ~— T RIZ?
Clapeyron dT o T(VA-Ve) Al 1 ) Vo 4.3.5 Excess Properties
Clausius-Clapeyron (VLE): In ﬁ:—::; ==t (F-7) Am:g}{;éf?T) F E {H,G,S,V}: FP=F_F° FF=F, —F?
= AmixF — Apix F°
4.2 Non-reactive Multicomponent Multiphase Mixtures G Amlx a_ R;EXZ wilnz =,z GE — RTY . z:lnv:
4.2.1 Partial Molar Properties . o (;n[l; P i Pt i T
Fe{H,UG,SV,.Cplrpy: F=%,mF F=%,uF Gi = (Tl )T,P,,, = RTnw;

Lij |

AmxF = F =Y, niFi =Y, m(f E)
Amlx-F F Z l'ze Z mz(Fz - Fz)

Fi= (gnlz)Tpn/ F:ZiFidni FX(D:FA(JCA_}O)
Gibbs-Duhem: Y, n;dF; =0 Y, 2;dF; =0

AgHl = Ausll
(AnixF); = F; — E;
AmixI{O =0 Amix‘/O =0

ApixS® = —nRY , x;Inx;
4.2.2 Chemical Potential

AmixG’O = *TAmixSo

_ (8c _ A
Hi = (TW)T,P,TL’ wi =G
i _ 7. Oui/T) _ —H; opi _ _ Q.
op = Vi oT  ~ T° or = S
4.3 Fugacity and Activity
fr=uP  bi=ip =%
vi = I{;sz ai = 27 = 148
i — =RTIn-L f*e ph — e =

4.3.1 Vapour, Pure

N e f(v)
G-G P{ \ VdP = RTIn 755 | o= R,
. fre AG*? AHY _TASYP
{Mi=G¢}1¢(*V)=(I‘3 =e¢ RT =c¢ RT
. . . éva*e
Table: G(T,P) = H(T,P) —TS(T,P) = Pgwe
P P
. _ 1 ¥ _ zZ
EoS: In 7= = ﬁpf VdP = Pf Zdp
low low

Z=L1r =1+BP+C'P*+

—Ind = C’ p2
In¢* =Inp-=B'P+ GP+
P
fon T /A Z—1
Correlation: In ¢* = In 3 = Pf Z54dP
low

log ¢ = log ¢(©) + wlog oV
4.3.2 Vapour, Mixture: {T' =T°,P = P°}

wo— 1t = [ VidP = RT'n Lo
Piow "
Assume ideal, {¢; vy = 1} : fi, vy = yiP

Lewis rule, {v;,y = 1} : fiy = Yifow

1%
ivi . oP fz Ji,v»
EoS + mixing rules: —Vf (an ) ot dV = RT'In ;>
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~E ~ ~E F7E ~E ~
<%CI;D )T,n - VE (6[687{T]>P,n - _Tlg (68% )P,n - 7SE
4.4 Vapour-Liquid Equilibrium: {T'=T7°,P = P®, f;»y = fi,n}
L-Rref, {z; = 1} : i yyi P = viozi f7° [5° = % ipsu?®

Vap. & lig. ideal (Raoult’s law): @ =1 ;P = x;Psars
Henry’s law ref., {z; — 0} : ¢; ¥ P = var.ix:H;

Ideal vapour: y; P = x;#;

. ) (A7_i) Z j Psat (T)
Bubble point (Raoult s)' P= Z xl RO =y = =t
Dew point (Raoult’s): + >, = =z = %

T+C; o
5 Figures
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Figure 1. Carnot Cycle
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