Topics:

o Thermodynamic Relations and Phase Equilibria
Thermodynamic Properties

Intermolecular Interactions(Molecular Thermodynamics)
o Fugacity in Gases and Liquid Mixtures

“* The course will cover the first six chapters of the following text:

"Molecular Thermodynamics of Fluid Phase Equilibria"

J.M Prausnitz, | | : . 3
- E. Gomes de Azevedo . | :

o Term paper: 5 points

o Home works: 2 points -

 Quizzes: 3 points |
o Final exam: I 0 points
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' Table 41 Permanent dipole moments.*
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Table 4-2 Quadrupole moments for selected molecules.
Molecule Qx10*0(C m?
H, +2.2
CH, +10
CH, +5.0
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C¢H, +12
N, -5.0
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Table 4-5 Relative magnitudes of intermolecular forces between two identical molecules

(:u\b)\)/\_,g e, el #_)-'Jéy}-ﬁ/) «(w\a Slsepmilsy (S\vzu\-~

3553 st_q)\usfyj o, g0 € T":(J\‘:’ﬁ NP .«.\': Do,90

Q,.\\ c,\,u\u,b\m;)umc),} ‘-’3‘/(}‘“13 @m»\;\)u\su)\&

ﬁ}‘)e(«ﬁ;\ ts‘ﬁ;(‘J USSR ESTHAN

llapilss Shotan dos 545 G55 GoBT N €358 (r oS ST (A n @ 5 )5 q\ :

"at0°C.
Bx10™ (J m®)
Molecule Dipole moment Dipole Induction Dispersion
(debye) :

CH, 0 0 0 102

Ccl, 0 0 0 1460
c-CeH,p 0 0 0 1560

(&0 0.10 0.0018 0.0390 - 64.3

HI 0.42 0.550 1.92 380

HBr 0.80 - 7.24 4.62 188

HCI 1.08 24.1 6.14 107

NH, 1.47 826 9.77 70.5

H,0 1.84 203 10.8 38.1
(CH3)2CO 2.87 1200 104 486

éﬁ O(’lz n (Qs\u uiu\’,\w. évAVQJ,ad/%UiQ)‘)u - f,\sg@)suu/(s&.syb ,\y&
bl Gols Cotia opl v ot 038 320 NS W5V i sin 5,0 m 030 U (Y gl s -
o il 0050 32 ho Y7 "ri00,5 Sl 2l a5 ) S el -3_;1.};5,-?9;\);3,
ol T 5030 T 51500 (5555 en 2l (o5 CO Gl (i
s 3 apl + S (CHL), CO dfntsl s ¥ gylas b 3380 e - o 5
el GV Jars @l cud s ki ¥ e
o5 ¥ gl Wl caar 35ea ape )b o bb¥L (5 P mlo 31 ¥oob o
by [ d--ﬁ} 03:282) B ot o Moy b ayss 1 3D B\ ssts

o Mapoll b ST s s 3ot M QL o> +3Sepes (S0 0d

N\}' S5 NN

R S IR e VT A S s Sy S 3 T PES X R

Iy e SRR AR M 0 L BT S

,g,(,_@f NPT Jowaxnl
;k)L,.Cv.Hfu‘)?‘.,;‘{U‘g_\?\b_u@ L
-—:r‘”-n?\-{‘%&‘);*‘“\ﬂgﬁs&;y- -
olestdisd &3@7}-5- c,vé Canal 00
Sﬂyjé9>=,>)‘——w‘ \or)(\-\H 3 t
| b G385 il
»J,@-(j,fe);w 2 ey be iy

g\r’”)ejy”*/slﬂsv Touts 3o P25 Dt -

' ._ : /
R 25,20 ls (,Jgfb-q_y—a LY Q,-Ao\;;u. &.\[,J Olme 38 S\W M sV

Lskwm\u INHLY 51z 2 ir koo Clan - Cand 03Bl 0 35T 00 RN
a,,\)(sw,&.\»(s();vb[/>a))>),ayg,s ( DiSpr‘S‘(Oﬂ) G\NA@Q_SY (-_,il, \“’J‘)-\ y
N ).J\t\)(f)z'-&»&) (,&\\)(_9&3\‘_)"))/) l Q,(l)s(‘mgs‘j% (S‘m_s\&s\) N-APHATE \\3>-‘> ‘




Table 4-6 Relatwe magnitudes of intermolecular forces between two different molecules

atQ°C.
Molecules Dipole moment Bx107° (J m8)
(debye)
(V) (2) (1) (2) Dipole Induction Dispersion
ca, cCH,, 0 0 0 0 1510
ca, NH, 0 1.47 0 227 320
(CH),CO0 cCH,, 287 0 0 89.5 870
co HCl 010 108 0206 230 827 : - ST 1
H,0 HCi 184 108 69.8 108 63.7 ' o
_ (CHp,CO  NH, 287 147 315 323 185 ;
o (CH),CO0  H,0 287 184 493 345 135
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Table 5-1 Parameters for the Lennard-Jones potential obtained from second-virial
coefficient data.$

a(A) ek (K)
" Ar ' 3499 _ 118.13
Kr 3.846 162.74
~ Xe A 4.100 222.32 )
CH, : 4010 142.87
N, : : 3.694 96.26
C,H, 4433 202.52
C,H, 5.220 194.14
C;H, 5711 233.28
C(CH,), 7.420 233.66
n-C,H,, 7.152 223.74
CH, - 8.443 247.50
Co, 4416 192.25

n-CH,, 8540 217.69
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Table 5-1 Parameters for the Lennard-Jones potential obtained from second-virial

coefficient data.?
o) gk (K) ;
Ar 3.499 | 118.13 |
Kr 3.846 162.74
Xe 4.100 222.32
CH, 4.010 142.87
N, 3.694 96.26
C,H, 4.433 202.52
- CH © 5220 194.14
C,;H, 5.711 233.28
 C(CH,), 7420 233.66
n-C,H,q 7.152 223.74
CeHy 8.443 247.50
. €O, 4.416 192.25
_n-CsH) 8.540 21769
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2.2 Homogeneous Open Systems

Table 2-1 Someé important thermodynamic relations for a homogeneous closed system.

Definition of H, A, and G

H=U+PV
A=U-TS
G=U+PV-TS=H-TS=A+PV
Fundamental Equations

dU = TdS ~PdV
dH = TdS + VdP

dA ==SdT - PdV
dG =-SdT + VdP

Extensive Functions as Thermodynamic Potentials

; dUs <0
dH; <0

dA7y<0
dGyp<0

Maxwell Relations Resulting from the Fundamental Equations

o) -&),
@),

Identities Resulting from the

(), (),

%), %)

Fundamental Equations

(5 A2 e (22
() 3), ()2
(2], @

Heat Capacities

(au.),, . A(as)
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Conversion Factors and Constants .

S1 Units éﬁd Conversion Factors

Table J-1 shows the basic units and some derived units of the International System of
Units (SI).' The main advantage of this system is internal coherence; i.e., no conver-
sion factors are needed when using basic or derived SI units. .

Table J-1 Basic and derived Si units.

Quantity Sl unit Symbol
Basic

Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature  kelvin K
Amount of substance mole _ mol
Luminous intensity candela cd
Derived

Force newton (kg m/s2) N
Energy joule (N m) J
Pressure pascal (N/m?) Pa
Power watt (J/s) ' w
Volume cubic meter m’
Density kilogram/cubic meter  kg/m3

‘A guide for using the SIsystem is given by B. N. Taylor, 1995, NIST Special Publication 811, Washington: U.S.
Government Printing Office.
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In SI, mass is expressed in kilograms, force in newtons, and pressure in newtons
per square meter (pascal). Usually, a prefix is attached to SI units. Common prefixes
for powers of ten are listed in Table J-2. '

Table J-2 S prefixes. BN ' |

Factor . . Prefix Symbol *
10° giga G
108 mega M : i
103 kilo k ‘ S
1071 deci d |
102 centi c
103 - milli m -
! 106 micro B
10? nano n
Because other units remain in common usage, Table J-3 gives conversion factors (
to SI units for selected quantities. "
Table J-3 Conversion factors to Sl units for selected quantities.
To convert from: To: Muttiply by:$
dngstrom ' meter : 1.0000000*E-10
atmosphere (standard) pascal 1.0132500*E+05
bar pascal 1.0000000*E+05
barrel (for petroleum, 42 gallons) meter3 1.5898729E-01
British thermal unit (Bturr, Intema-  joule  1.0550559E+03
tional Table)
British thermal unit (Btug,, thermo-  joule 1.0543503E+03
chemical) :
Btuy/(pound-mass+°F r') joule/(kilogram<kelvin)  4.1868000*E+03
Btuth(pound -mass+°F) joule/(kilogram-kelvin) 4.1840000*E+03
Btug/second ' watt 1.0550SS9E+03
calorie (calyy, International Table) ~ joule 4.1868000*E+00
calorie (caly,, thermochemical) joule 4.1840000*E+00
calyp/(gram+°C) Joule/(kllogram-kelvm) 4.1868000*E+03
caly/(gram+°C) joule/(kilogram<kelvin)  4.1840000*E+03
centimeter of water (4°C) pascal 9.80638E+01
centipoise pascalssecond 1.0000000*E-03
degree Fahrenheit (°F) kelvin Ty =(Tp+459.67)/1.8
degree Rankine (°R) kelvin 1/1.8
dyne newton 1.0000000*E-05

erg - joule 1.0000000*E-07
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To convert from: To: Multiply by:
electron volt (V) joule 1.602177E-19
fluid ounce (U.S.) meter> 2.9573530B-05
foot meter 3.0480000*E-01
footspound-force joule 1.3558179E+00
gallon (U.S. liquid) meter> 3.7854118E-03
horsepower* walt 7.4569987E+02
inch meter 2.5400000*E-02 |
kilogram-force newton 9.8066500*E+00
kilogram-force/cm? pascal 9.8066500*E+04
liter meter> 1.0000000*E-03
mile (U.S. statute) meter 1.6093440*E+03
mile/hour meter/secoh_d ' 4.4704000*E-01
millimeter of mercury (0°C) pascal 1.3332237E+02
pint (U.S. liquid) meter> 4.7317647E-04
pound-forcessecond/foot? pascalesecond 4.7880258E+01
pound-mass (Ibm avoirdupois) kilogram 4.5359237*E-01
pound-mass/foot> kilogram/meter3 1.6018463E+01
pound-mass/(footssecond) pascalssecond 1.4881639E+00
psia pascal 6.8947573E+03
quart (U.S. liquid) meter3 9.4635295E-04
ton (long, 2240 1bm) kilogram 1.0160469E+03
ton (short, 2000 Ibm) kilogram ~ 9.0718474*E+02
torr (mmHg, 0°C) pascal 1.3332237E+02
wattshour joule 3.6000000*E+03
yard meter 9.1440000*E-01

§ An asterisk after the seventh decimal place indicates that the conversion factor is exact and all

subsequent digits are zero.

T #1 horsepower = 550 footepound-force/second.

-

Some Fundamental Constants in Various Units

Acceleration of gravity, g

m s~2 9.80665
Atomic Mass Unit, amu
kg 1.66054x1027

Avogadro’s éonstant, Ny
mol-1 o 6.02214x1023
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Boltzmann’s constant, k
JK1
erg K1
eV K1

- Electron charge, e
C

Gas constant, R
J mol-! K1
Pa m3 mol-i K1
atm cm3 mol-! K1
atm liter mol™! K-
atm ft3 1b-mol-! °R-1
bar cm3 mol! K1
Btuyy Ib-mol-! °R-!
caly, mol'! K-
erg mol-! K-1
hp-h 1b-mol-! °R"!
kW-.h 1b-mol-! °R-!
mmHg liter mol-! K-
psia ft3 1b-mol-! °R"1

Permittivity of vacuum, €,
C2N-1 @2

Planck’s constant, h
Js

Conversion Factors and Constants Appendix J

1.38066x10-23
1.38066x10-16
8.61739x103

1.60218x1019

8.31451
8.31451
82.0578
0.0820578
0.7302
83.1451
1.98592
1.98721
8.31451x10?
7.805x10-4
5.820x10-4
62.3640
10.73

8.85419x10-12

6.62608x1034

Critical Constants and Acentric Factors for Selected Fluids

Table J-4 Ciritical temperature, pressure and volume and acentric factors for selected

fluids.”
T.(K) P, (bar) v, (cm3 mol) ®
Elements
Argon 150.8 48.7 74.9 0.001
Bromine 588. 103. 127.2 0.108
“Chlorine 416.9 79.8 123.8 0.090
Fluorine 144.3 522 663 0.054
Helium-4~ 5.19 2.21 57.4 -0.365

? Taken from a more complete list given in R. C. Reid, J. M. Prausnitz, and B. E. Poling, 1987, The Properties of
Gases and Liquids, 4" Ed. New York: McGraw-Hill.
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Appendix J

| T.(K) P, (bar) v, (cm® mol') ®

- 'Hydrogen 33.0 12.9 64.3 -0.216
Iodine 819. 116.5 155 0.229
Krypton 2094 550 91.2 0.005
Neon 44.4 276 41.6 -0.029
Nitrogen 126.2 339 89.8 0.039
Oxygen 154.6 50.4 73.4 0.025
Xenon 289.7 584 1184 0,008
Hydrocarbons
Acetylene 308.3 614 112.7 0.190
Benzene 562.1 489 259. 0.212
n-Butane 425.2 .38.0 255. 0.199
1-Butene 419.6 . 40.2 240. 0.191
Cyclobutane 460.0 499 210. 0.181
Cyclohexane 553.8 40.7 308. 0.212
Cyclopropane 397.8 549 163. 0.130
Ethane 305.4 4838 1483 0.099
Ethylene 282.4 504 130.4 0.089
n-Heptane 540.3 274 432, 0.349
n-Hexane 507.5 30.1 370. 0.299
Isobutane 408.2 36.5 263. 0.183
Isobutylene 417.9 40.0 239. 0.194
Isopentane 460.4 339 306. 0.227
Methane 190.4 46.0 99.2 0.011
Naphthalene 748.4 40.5 413. 0.302
n-Octane 568.8 249 492, 0.398
n-Pentane 469.7 337 304. 0.251
Propadiene 393. 54.7 162. 0.313
Propane 369.8 425 203. 0.153
Propylene 364.9 46. 181. 0.144
Toluene 591.8 410 316. ~0.263
m-Xylene 617.1 354 376. 0.325
o-Xylene 630.3 313 369. 0.310
p-Xylene 616.2 35.1 379. 0.320
Miscellaneous inorganic compounds
Ammonia 405.5 113.5 72.5 0.250
Carbon dioxide 304.1 738 93.9 0.239
Carbon disulfide 552. 79.0 160. 0.109
Carbon monoxide 132.9 35.0 93.2 0.066
Carbon tetrachloride 556.4 45.6 275.9 0.193
Carbon tetrafluoride - 2276 374 139.6 0.177
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BN TR A
N S A R DA S PR A M O 21, 35

L TLK) P, (bar) v, (cm® mol ) @
Chloroform 5364 531 238.9 0.218
Hydrazine o 653. 141 9%6.1 . - 0316
- Hydrogen chloride 324.7 83.1 809 0133 5
Hydrogen fluoride 46l 648 69.2 0329 .
Hydrogen sulfide 3732 89.4 98.6 0.081
Nitric oxide 180. 648 511 ~ 0588
- Nitrous oxide 309.6 724 914 - 0165
Sulfur dioxide 4308 7838 1222 0.256
Sulfur trioxide 491.0 82.1 1273 0.481 lL :
Water 641.3 2212 57.1 0.344
Miscellaneous organic compounds R _ 1
Acetaldehyde 461. 551 154, 0303
Acetic acid 592.7 519 171. 0.447
Acetone 508.1 470 209. 0.304
Acetonitrile 545.5 483 173, 0.278
Aniline 699. 531 274, 0.384
n-Butanol 563.1 42 275. 0.593 |
Chlorobenzene 632.4 452 308. 0.249 o
Dichlorodifluoromethane 385.0 414 216.7 0.204 :
(Freon 12)
Diethyl ether 466.7 364 280. 0.281
Dimethyl ether 400.0 524 178. 0.200
Ethanol 513.9 614 167.1 0.644
Ethylene oxide 469. ny 140. - 0.202
Isobutanol 547.8 40 273, 0.592
Isopropyi alcohol 508.3 476 220. 0.665
Methanol 512.6 80.9 118.0 0.556
Methyl chloride - 416.3 670 138.9 0.153
Methyl ethyl ketone 536.8 421 261. 0.320
Phenol , 694.2 613 229, 0.438
1-Propanol 536.8 517 219, 0.623
Pyridine 620.0 563 254, 0.243
Trichlorotrifluoroethane 4873 34.1 325.5 0.256
(Freon 113)
Trichlorofluoromethane 471.2 44.1 2478 0.189
(Freon 11)

Trimethylamine 433.3 40.9 254. 0.205
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