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Procedures to speed calculations for:

B Gas thermal conductivity

B Gas viscosity

B Liquid viscosity
] Vapor pressure

Carl L. Yaws, Lamar University, and others*

[ Correlation constants for major organic and inor-
ganic chemicals are presented for calculating gas-phase
thermal conductivity and viscosity, liquid viscosity, and
vapor pressure of saturated liquids at any temperature,

Tabulated for casy accessibility, the constants make
possible the rapid calculation of the foregoing physical
and thermodynamic propertics with a hand calculator

THERMAL CONDUCTIVITY OF

or a computer. They are based on extensive documen-
tation and experimentzal data. Margins of statistical
accuracy are noted for each chemical listed.

The constants are valuable for designing or eval-
uating such chemical process equipment as heat ex-
changers, Ruidized-bed wunits, reactors, distillation
towers, flash tanks, and process piping.
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Joseph T, Miller, Jr., Praful N. Shah and Carl L. Yaws

Gas thermal conductivity data are important in nu-
merous chemical engineering unit operations involving
heat transfer. Representative examples include: heat
exchangers to bring gas-phase reactants up to reaction
temperature; fluidized-bed operations handling gases;
gas-phase reactors requiring heating or cooling; and
heat exchangers handling gascs. In addition, the pure
component data may be used to ascertain mixture
property values.

Correlation constants—Table 241

Thermal conductivity of the gas was correlated as a
_ function of temperature by the relation:

ke =A + BT + CT? + DT3 (24—1)

In Eq. (24-—1), £; = thermal conductivity of the gas at
low pressure (approximately | atm); 4, 8. C, D = cor-
relation constants for the chemical compound; and
T = temperature, K, '

The constants were determined by a generalized

*For author biographies. see p. 162
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CORRELATION CONSTANTS

Correlation constants: thermal conductivity of gas ~ Table 24— i
ol
ke =A+BT+CT? +DT? i
kg at 25°C, Range,
Compound A Bx107 Cx10" Dx108 ycal/(si{em)(*K) o References
Halogens
Fluorine, F, 1.8654 19.79 1.24 =173 662 ~1301te 525 14,18,19,36,37 44 65
Chiorine, Ci, 3.25 58 421 .. —10% 22.08 -B8010 1,200 14,18,18,36,37,44 85
Bromine, Br, -0.16 413 -0.03 -0.09 1186 -B0101,200 14,18,15,36,37.44,65
lodine, I, : 0.63 2.73 -0.02 0.15 B.54 —B0 10 1,200 14,18,19,36,37,44,65
Sulfur exides
Sulfur dioxide, SO, -19.9 15.15 ~0.33 0.55 2307 0to 1,400 14,7992
Sulfur trioxide, S04 -15.96 16.9 -047 3.00 31,05 —10010 1,000 14
Nitrogen oxides
Nitrous oxide, N0 ~18.71 21.26 —02142 -0B3N 412 =100 10 1,400 10,12,18,19,86,102,125,131
Nitric oxide, NO 1199 1718 -0.02 -0.85 6281 ~190t0 1,400 10,18,65.96.97,102,126
Nitrogen dioxide, NO, -33152 2548 ~0.755 wen kiR 2510 1,400 10,12,98,99,101,132
Carbaon gxides
Carbon monoxide, CO .21 21,79 -08416 1.958 59.3 =160 1o 1,400 18,19,6597
Carbon dioxide, CO, 1723 1904 01308  -2514 403 -8010 1,400 18,19,95,143
Hydragen halides
Hydragen fluoride, HF an 12,60 054 -2.35 5056 —100 to 1,400 €5,177,180
Hydrogen chioride, HCI -0.26 12,67 ~0.25 0.16 3034 —150to 1,400  18,19,36,65,84,158,1€0,173
Hydragen hramide, HBr -1.89 9.16 -0.26 0R3 23.28 —1501t0 1,400  18.36,40,65
Hydrogen iodide, HI -5.14 1.28 -0.22 0.42 14,72 -150to 1,400 18
Nitrogen hydrides
Ammania, NH 0.91 1287 2493 -8.68 63.03 Oto 1,400 12,13,14,18,18,207
Hydrazing, N b, -53.88 2850 0.20 -0.13 3281 Oto1400 13,14
Hydrogen oxides
Water, H,0 17.53 ~2.42 a3 ~-21.73 428 Do 800 6,19,238,246,258
Hydrogen peroxide, Hy0, -21.07 1697 0.47 ~1.56 30.63 0to 1,200 13,14
Diatomic gases
Hydrogen, H,, 1934 159.74 -5.83 1.5 M1.22 =16010 1,200 2,18,19,44, 47,272 293,304,306,307,317.318
Nitrogen, N, 0.9359 23.44 -1.21 3591 61.02 ~16010 1,200 2,18,19,44 47,266,267,300,306,317,318,323,
328,329,330
Oxygen, 0, -0.7818 238 -0.8939 23 628 ~160t0 1,200 2,18,19,44,47,300,303,306,317 327,329,330
Inert gases d
Helium, He 88.89 93.04 =178 3.08 351.20 ~160to 80O  18,19,43 .44 47 158,267,306,317,318,323,339,
: i 345,349,350,351,353,364,366,368,373,374,
375,385,332,339 401
Nean, Ne 21.7% 36.81 -2.005 B.042 1163 ~160 10 1,200 18,19,43,44 47,158 318,344 ,353,368,374,375, |
390,392,401,407 |
Argon, Ar B.48 13.23 -0.52 1.32 41,85 —16010 1,200 18,18,43,44,47,158,266,293 316,312,325,344, |
345,349,353 363,363,373,374,375,385,389, |
330,332,401 402 408
Diefins
Ethylene, C,H, -42.04 28.85 0.7963 -3.262 436 ~7510 1,000 18,13 ,84,245,421,429,431 440,443
Propylene, CoH, =18.11 14.57 238 =317 44,08 =100 to 1,000 246,422,429,430,435,440,443 |
1-Butene, C Hy -25.12 13.78 243 -10.20 34.87 -100 to 1,000 248,423 433,435,443 |
Alkanes |
Methane, CH, -4.463 20.84 2.815 ~8.631 804 to 1,000 19,4784,246,343 458 462,464
Ethane, CyHg ~15.8 52,57 -4,593 38.74 51.1 Oto 750 19,84,246,443,444 458
Propane, C4H, 4438 -1.122 5.188 -20,08 42 Dto 1,000 18,84,246.843,450
Xylenes u
o-Xylene, CH, (CH4)5 -13.66 B.53 1.78 -6.26 25.94 0to 1,000 14,433
m-Xylene, CgHy JCHSY, 3153  -10.02 3.97 -14.58 33.08 0to 1,000 14443470 I
e-Xylene, CgH, (CHyl, ~19.53 9.28 1.81 -6.93 22,42 Oto 1,000 14,443 |
Aromatics :
Benzens, CgHy -20.19 3.64 234 -9.69 2381 0to 1,060 14,18,19,443434 515 I
Naphthalene, C, Hg -22.40 11.79 0.9 -2.54 2017 D10 1,000 14,483
Alkyl aromatics
Toluene, G HyCHy 18.14 -9,57 5.66 ~22.22 S Oto 1,000 19,470,471,484
Ethylbenzene, CoHgCoH, 1.44 -1.40 51 -21.31 37.04 010 1,000 14,343
Cumene, C H CH (CHyly -13.35 5.38 433 ~17.92 36.43 0101,000 14,443
Benzene derivatives
Chiorobenzane, G HCI ~15.27 6.29 1.75 ~-5.53 17.58 0to 1,000 13,14
Aniling, CgHgNHy ~26.39 1189 155 -4.30 21,70 Dt 1000 13,14
Phenol, CoH OH -31.87 15.26 174 -4.40 2193 Dt 1,000 134
Cycloalkanes
Cyclopropane, C Hg -20.45 874 an =16.28 3118 010 800 14,515,586,590
Cyclobutane, C Hy -23.39 8.15 352 -i4.8 31.26 010 800 14,590
Cyclopontane, CgH, 4 -20.35 " 591 3.87 =16.51 21.30 01t 800 14,443,586,530
Cyclohexane, CH, 5 -20.57 445 4.07 -1 2429 Oto 800 14,409,443 484 500,515 586,547,580
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Correlation constants: thermal conductivity of gas {continued) Table 24—
kg =A+BT+CT? +DT®
at 26°C, Range,
Compound A Bx102 Cx10* Dx10% g cal/{siem)(°K) il References
Olefin monamers
Isobutylene, C Hg -6.63 -0.67 6.03 -30.58 3687 010 800 14,443,614,615,616,623,625
Styrene, CoH CHCH, 2.08 -0.46 257 =121 3n 0to 1,000 14,443
Dinlefins
1.3 Butadienz, C M, -6792 29.96 1.74 -12.20 33.64 0t 1,000 586,625,637
Isoprene, CoHy ~56.42 26.29 1.3 -7.58 31.60 011,000 637
Chioraprene, C,H-CI -21.26 10,83 284 =13.15 26.91 0to 1,000 4,520
Organic oxides .
Ethylene oxide, CoH,0 -34.84 12.96 3.63 -18.26 23 Ot 1,000  4,10,14,515,580,625,637,646,659
Propylene oxide, C,H,0 -19.58 B.75 256 -10.91 25,37 0ts 1,000 14
Butylene oxide, CoHg O -21.85 7.75 236 -10.66 18.41 Owiloo0 14
Primary alcohols
Methanol, I:H:!'JH -18.62 8.95 290 -12.38 33.55 010 1,000 6,9,14,19,615 574 567,637,669 646,574 ,677,682 595
Ethanol, C,H,OH -18.62 2.85 2.90 -12.38 33,55 010 1,000  £5,14,19,416,574,530,637 646,674,587 662 635
a-Propanol, C3H,OH‘ -18.94 952 285 -11.89 3180 0o 1,000 14,580,637 646,682
n-Butanol, C‘ HgqOH —18.56 851 288 -11582 28.26 Oto 1:030 530,637,646,662
Chioromethanes i
Methyl chioride, CHCI -1.62 an 282 -1291 25.27 2510 1,000 9,19,84 574 530,625,637
Methylene chioride, CH,Cl, 281 -1.00 pA | -10.21 17.66 2510 1,000 625,637
Chlorotorm, CHCI, -5.732 6.29 0.5904 -3.352 174 2510 1,000 919574587 590,637
Carbon tetrachloride, CCl, 04161 4.067 0.6115 -3.566 16.2 2510 1,000  9,19,84,574,637,646

least-squares computer program that minimized devia-
tions between data and calculated results. Average de-
viations in most cases are less than 1-5%.

The correlation constants are presented in Table
24-—1. The table also lists room temperature values (kg
at 25°C), which may be used at ambient conditions.

Correlation and data values are compared in Fig.
24-—1 for hydrogen, a representative chemical.

Example 24-1--To estimate the thermal conductivity

of gaseous hydrogen at 500°C, substitute the correlation
constants 4, B, C and D from Table 24—I and temper-
ature (T = 500°C = 773.16 K) into Eq. (24—1):
ke = 19.34 4- 157.94 X 107%(773.16) —
9.93 X 107%(773.16)% + 37.29 x 107%(773.16)*
ke = 833 microcal/(s)(cm)(K)
The calculated and data values compare favorably

(833 vs. 835).

VISCOSITY OF GAS
Joseph W. Miller, Jr., Gordon R. Schorr and Carl L. Yaws

Gas-phase viscosity data for chemicals is important in
the design of a variety of unit operations, For example,
the viscosity of a gas must be known to determine the
size of the pipe in which it is to flow, and the pressure
drop. Additionally, viscosity data are needed to design
process equipment involving heat, momentum and
mass-transfer unit operations. The gas viscosity of mix-
tures may be determined from data for the individual
components contained in the mixture.

Correlation constants—Table 24 ]I

The correlation for viscosity of the gas at low pressure
is based on a series expansion in temperature:

Bg =A + BT + CT? (24--2)

In Eq. (24—2), p; = viscosity of gas at low pressure,
micropoise; 4, B, C = correlation constants character-
istic for the compound; and T = temperature, *K.

The correlation constants were determined by least-
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CORRELATION CONSTANTS

Correlation constants: viscosity of gas

Table 2411 |

Compound

Halogens
Fluarine, F,
Chigrine, Cl,
Bromine, Br,
ladine, '-z
Sulfur oxides
Sulfur dioxide, 50,
Sulfur trioxide, S04
Nitrogen oxides
Nitrous oxide, N, 0
Nitric oxide, NO
Nitrogen dioxide, NO,
Carbon oxides
Carbon monoxide, GO
Carbon dioxide, CO,
Hydrogen halides
Hydrogen flugride, HF
Hydrogen chloride, HCI
Hydrogen bromide, HE:
Huee -an g ® de H|
Nitrogen hydrides
Ammaonia, NH;
Hydrazine, NoH,
Hydrogen oxides
Water, qu
Hydrogen pergxide, H,0,
Dizatomic gases
Hydrogen, Hy
Nitregen, N,

Oxygen, 0,
Inert gases
Helium, He

Neon;'Ne

Argon, Ar

Olefins
Ethylene, CoH,
Propylene, C3H,
1-Butene, C Hy
Alkanes
Methane, CH,
Ethane, C4Hg
Propane, C4Hg
Xylenes
o-Kylene, C H, (CH ),
m-Xylene, IJGH‘1 I I’.'H:;;I2
p-Xylene, CoH, (CH,),
Arematics
Benzene, C.H,
Naphthalene, €, Hg
Alky! aromatics
Tolueae, C H CH,
Ethylbenzene, CoH CoH,
Cumene, CoHgCH (CH I,
Benzene derivatives
Chiorobenzene, C4H, Gl
Aniline, CoHgNH,,
Phenal, CgHg0H
Cycloalkanes
Cyclopropane, CoH,
Cyclobutane, C,Hg
Cyclopentane, C,H, o
Cyclohexane, CgH, -
Otefin monomers
Isebutylene, C Hy
Sryrene, CgH CHOH,

A

22,09
5.178
2,183
=-17.15

-3.793
4.207

32.28
56.77

32.28
25.45

-18.21
9,554
-23.37
-11.65

-8.372
-11.05

--31.89
5.381

2187
30.42

1’

54.16
81.719

43.87

3586
=5.601
-8.884

15.96
5576
4812

1.776
-15.27
-13.8

-15.76
~24.86

-84
=147
=-13.85

-15.08
-14.98
~1R.41

-1.787
~1.558
-1935
~4,705

=7.039
~5.683

B8x10?

769
4569
5450
N

46.45
47.12

44.54
48,14

4747
4543

45.98
5445
14.03
69.77

3809
an

41.45
898

2.2
4389

66.32

50,14
78.60

63.33

35.13
3183
29.59

34,39
30.64
2112

2174
2544
25,57

32.45
21.85

7111
21.31
25 57

21.85
29.03
32.00

3478
Nz
28.88
26.32

g
23,68

b =A+BT+CT?

pg at 25°C,
Cx10%  micropoise
-2116 2328
~BB.54 1335
-122.2 1538
=93.70 136.5
-12.16 128.2
-68.34 138.6
=77.08 158 2
~84.34 192.8

Eguaticn not applicatle

-56.46
-B6.48

-79.96
~96.56
=1448
-1365

—-44.05
-41.51

-8.272
38.40

~31.51
-1093

-187.9

~89.47
-176.2

=128

—80.55
-62.91
~57.24

-81.40
-53.07
-38.08

~20.57
—43.43
~44.57

-12.32
~48.55

40,18
—47.32
~43.30

0.4464
-1.116
0

-B13
—65.69
-52.33
-441

—-69.39
-32.68

i65.2
153.4

1108
124.2
i84.5
178.2

103
80.13

80.14
95.2

B4
169.5

1932

195.7
3065

2233

1012
839
743

s
922
624

B4.8
56.7
58.4

748
53.2

638
63.2
5e8

68,0
685
79.0

887
197
743
63.8

814
62.0

Range,
g

=202 to 1,000
=200 10 1,200

~200 101,200,

~200 107,200

=100 12 1,400
=100 to 1,400

~-150 to 1,400
~150 10 1,400

-200 to 1,500
=100 to 1,400

~120 o 1,400
~120 to 1,400
~120 to 1,200
—120 to 1,400

=200 to 1,200
=200 to 1,400

0t 1,000
-80 10 1,000

—160 10 1,200
=160 10 1,200

~160 12 1,000

-160 1o 1,200

—~160 10 1,200

0to 1,200

=100 to 800
=100 10 1,000
=100 te 1,000

8010 1,000
~80 10 1,000
-80t0 1,000

Oto 1,000
010 1,000
Do 1,000

0t 1,000
2 to 1,000

01to 1,000
0 101,000
Gto 1000

0to 1,000
0to 1,000
0 to 1,000

0t 1,000
0to 1,000
011,000
010 1,000

Oto 1,000
0to 1,000

References
19,38,47 48 i
18,24,26,58 61 66,67,68
19,25,57,59
18,26,53,60

10,13,14,18,18,75,82,89 92
13,14

29,10,12,18,19,114,122,123
29,10,18,19,114,124
8,12,13,18.137,139

8,12,18 82,136,156

14,18,187

~2,4,610,12,18,15,158,155,172,173

26,10,12,18
2,6,10,12,18,19,153,172

2,12,14,80,173,192,207,223,224,225
14,173,225,226,227

2,6,18,237,254,253
18,254,258

2,10,18,13,47,264,269,221,286,204,306,307,312,317,336
2,10,18,19,47,270,274,221,286,291 294 2¢7,300,306,317,

326,329,330

2,10,13,13,47,286,254,300,303,306,317,329,330

18,43,47,158,260,270,274,276,281,201,254,506,317 338,
345,364,367 ,368,374,375,332 380 1
18,434/ 158,269,270,274 231 294,345 361 368 369,374, H

375,382,407

18,43,47,158,270,281,281,293,294,345,348,362 363,365,
367,368,363,374,375,357,387 402 408

10,18,245,409,413,416,421,427 429 432,440,442
10,2€6,409,413,416,422,429,432 410,442

10,246,413,429,433,642

10,47,246,294 427 442 456,464
10,246,427,442,444
10,246,427 442

442
442
442

14,18,242,442 467,484 500
14,442

14,442 467,519,534
442
442

14,545
14,545
14535

14,487,519,544 586,502

14,544

14,519,544,586,602 ,
14,46,7,500,513,519,544 516,588,604

10,14,467.513.544 546
14,544
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Table 24—11 |

Correlation constants: viscosity of gas (continued)
: g =A+BT +CT?
kg at 25°C
Compound A Bx107 Cx 100 micrepoise
Digtefins
1,3 Butadiene, C4He -10.87 34.32 ~80.80 245
lsoprene, CoHyg -0.4474 2156 -49.78 713
Chioroprene, C4H,Cl -23.93 41.14 6786 86.7
Organic oxides
Ethylene oxide, CoH,0 ~1.614 36.27 —-66.32 946
Propylene oxide, C;H,0 -1.72 3389 -55.94 884
Butylene oxide, C,H,0 =254 28.25 -35.24 7.8
I Primary alcohols
Methanol, CH,0H 5636 34.45 -3.340 96.8
Ethenal, C,H,0H 1396 29.48 12.41 87.42
n-Propanal, C4H,0H -20.70 3144 -14.25 i
a-Butanol, C4Hy OH -18.43 28.67 -10.48 66.1
Chleromethanes
1 Methyl chioride, CH,CI 03847 3g.20 -54.97 139.4
5 Methylene chioride, CH,Cl,  -4.929 31.72 -539 1025
— Chlorotorm, CHCl, —-6.688 37.26 -50.87 8959
! Carbon tetrachlaride, CCi 5,698 3273 -40.28 99.7

T A T T e T o

|
|
|
\
|
|
|

Range,
i o4 References
0 to 1,600 14,546,586,637
0o 1,000 1"
0 to 800 - 14
.
0 1o 1,000 14
010 1,000 14
0to 1,000 14
0 10 800 14,416,467 500,545,637 646 669,671,683,703
0 to0 7,060 914,416,467 ,545,637 646,671,683,703
25 10 1,000 9,14,416,467 545,637,546
25 to 1000 416,505,537
010 1,000 9,416,467 574,637 646,703,715 716
01t 1,000 467,637
010 1,000 9,467 574,637,703, 715716
010 1,000 416,467,637 646,703,715,716,719,723

squares-regression analysis of the available data. The
numerous data points were processed by a gencralized
least-squares-regression computer program to minimize
deviation. Average absolute deviations of correlation
and data are less than 1-3% in most cases.

Corrclation and data values are compared in Fig.
242 for methane, a representative chemical com-
pound. The agreement is quite good.

Example 24-2—To estimate the gas viscosity of meth-

ane at 403°C, substitute the correlation constants 4, B
and C from Table 24—I1 and temperature
(T = 403°C = 676.16 K) into Eq. (24—2):
fte = 15.96 + 34.39 X 10-%676.16) —

81.4 X 106(676.16)2
pg = 211.3 micropoise

The calculated value compares Tavorably with the
data results (211.3 vs. 211).

VISCOSITY OF LIQUID
Joseph W. Milley, Jr., Gordon R. Schorr and Carl L. Yaws

Liquid viscosity is important in the design of a vari-
ety of process equipment. For example, it is an impor-
tant parameter in estimating efficiency of distillation.
Determining process piping size and pressure drop re-
quires information on the viscosity of the liquid flowing
in the piping. Additionally, liquid viscosity is involved
in the design of heat transfer equipment. The viscosity
of liquid mixtures may be estimated from results for the
individual components in the solution.

Correlation constants—Table 24—-TIT

The correlation for the viscositv of the saturated
liquid as a function of temperature was based on the
relation:

logp, = A + B/T 4+ CT + DT? (24—3)

In Eq. (24—3), n, = viscosity of saturated liquid. cen-
tipoisc; 4, B, C, D = correlation constants characteristic
for the chemical compound; and 7" = temperature, “K.
The correlation constants were determined by a

least-squares-regression analysis of data. The numerous

e e e b reme e T
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CORRELATION CONSTANTS

L
@ Correlation constants: viscosity of liquid Table 24111 1
- |
log u uA*-’g-«CT+DT-‘-’ !
R r
#, 8125°C Range, |
i Compound A B Cx102 Dx'06  eentipoise °c References !
|
. Halogens
o Fluorine, F, 1576 85.63 ~0.04073 -2.725 073@ 215 =21910 188.1 31,47
\ Chiorine, Ci, ~0.7631 151.4 -0.08065 0.4075 0.34 -101 10 1440 2,461 F
4 Bromine, Br, - 1,400 3875 ~0.04157 -0.5214 : 0.95 ~1.210 3150 238 :
4 lodine, 1 -0.9038 519.0 -0.01983 0.04576 1.76 @ 150 113616 5460 BA43 |
Sulfur oxides i i
Sulfur dioxide, 80, -2.67 408.7 0Em ~12.54 0.26 =127t 1576 246733293 [
Sulfur trioxide, S04 1257 -9888 —4079 35.02 1.60 168102183 485
: Nitrogen oxides |
" Nitrous oxide, N, 0 04733 218 -0.4922 ~4.274 0.05 -102.310 365 14, |
Nutric oxide, NO ~4,995 238.3 3.669 -134.3 0.35® -1605 ~163810 -93.10 14 |
Nitrogen diaxide, NO, -84 9328 2.759 3154 0.38 =11.210 1580 9,10,94,128 i
Carbon oxides
] Carbon monoxide, CO -2.346 105.2 04613 -12.64 0.21@ -200 -205010 140.1 138
g Carbon dioxide, €O, -1.345 21.22 1.034 -34.05 0.08 -56510 31,1 §9,13,144
5 — Hydrogen halides
' Hydrogen fluoride, HF —£.099 B1E 1.292 -13.29 0.20 -8351t0 183.0  10,12,189
Hydrogen chioride, HCI -1.515 1948 0.3087 -13.76 0.088 114210515 12,165,168
Hydrogen bromads, HBr -9.238 866.7 3432 -51.72 0.20 -8691090.0 12,168
Hydrogen iodide, HI -8.3713 1,015 3188 =12.20 0.60 -5061t0 151.0 12,168
Nitrogen hydrides
Ammonia, NH, —8.591 B76.4 2621 -3612 0.13 “11.75 10 1324 2,12,14,188,192 207,213,222 224
) Hydrazine, NyH, -8.024 1,299 L& ~-13.3 0.80 20103800 4,14,173,183,208,233
Hydragen oxides
Water, H,O ~10.73 1,828 1.966 —14.65 0.90 00103742 24,65,13,238 246,257,258
Hydrogen peroxide, H,0, =1.615 5038 0.03501 =1.168 1:18 =043 to 455.0 2,243,248 250,257
Diatomic gases S
Hydrogen, Hy -4.857 25.13 14.09 ~2,173 0.016 @ -256.0 ~258.4t0-240.2 4?,25‘3,'.;13.‘122350,293.3115,305,30? 212,
3333
Nitrogen, N, -12.34 376 12.00 -4708 0.18 @ -200.0 -2095 w1955 43,47.270278,278,274,230,300, 306,317,319,
‘ 320,332
Oxygen, 0, -2.0712 93.22 0.6031 -21.21 0.472-210 -2184w-185  47,300,303,306,217,318,320,334
Inert gases
ol { 4732 -299%0 ~586.0 1417000 00034®-2700 -2/2010-271.6 43,47,290,306,317,339,345,364,374,375,392,399
. -3442 1002 3222 -35850 ~270.5 t0 -268.0
Neon, Ne -8.378 8641 2368 ~2,599 01378247  —3248710-228.7° 92,263.271,276,290,30,337,345 365,374,375,402
Argon, Ar -12.38 459.1 10.55 -35L6 0252 @ 185 -189310-122.4 43,47 263,271,276,290,300,337 345,365,374 375,
Dieting 402
Ethylene, C,H, ~1.706  468.1 3.725 ~76.33 0.031200 -169.2t089  10,18,245,409,413,416,421,427,428 432,440,842
PR —2784 1,006 26.02 ~8635 0.081 -185310—160.0 10,246,409 413 416,422,428,432, 450,442
Y { ~5.008 4132 N 3082 ~16001091.9
fiiiting, CaR { -3 2120 1836 -§1.33 017 —185.410-140.0 10,286,413,429 433,442
. »Lallg -4617 4263 1531 -24.29 —140.0 10 14522
Alkanes
Methane, CH, -11.67 4993 8.125 -226.3 0,143 =170.0 =182.5 1w ~-82.6  3,47,246 417 464 463 456
Ethane, CoH, —4.444 2801 1.805 ~41.64 0.03?2 —18321032.3 3,246,417,344 465 |
Propane, CqH, -3.372 3135 1.034 -20.26 0.091 -187.7t096.7 3,246,465 466
Xylenes
o-Xylene, CoH, (CHSl, -1.447 451.1 -0.01675 0.4675 0.76 -257103578 6915400 415416417 467 475484
m-Kylene, CoHy (CH)y -1.658 4461 -0.02770 0.1963 0.60 -47910 3438 6,914,409 415,416,417 467,476 464 490
p-Xylene, CsH_‘(CHJL‘, -3.383 EBE.0 0.3732 -2.825 0.61 133103440  69,14,209 415 418,417 467 276 484,490
Aramatics
Benzene, CgH, 2.003 64 56 --1.105 9.648 -0 5531528884  3,4,415,817 484 K08
Naphthalene, €, oHg —4.460 1,083 0.4757 -2548 0.78@ 1000 B0.5510475.02  3,6,484,505,506511
Alkyl aromatics |
1473 -2178 ~1048 199.5 955 _85010 400  9,14,415417,517,520,522,504 536,537 542 545 |
Toluene, CoHgCHy 2553 5881 . 0.1987 -1.954 —400 o 318.8
1197 2258 ~5.069 189.7 0.5¢ -850 ta—408 9,415417,515,519,522,524 546
Evbesin. Sehitats -2652 5815 02220 1977 400 10 344.0
-55.89 5,001 2.0 -302.2 .74 -80.010-20.0  417,517,521,524 546
Samon g M 11 M)y { ~3601 7382 04354  -3.400 - ~20.0 10 360.0
Benzene derivatives
Chlorobenzene, € H,CI ~1986 5192 005951  _q5984 0.76 ~45210350.2 3,4,814,415418,467 484 546 554,555 564
Aniline, CoHNH, { 1550 14,060 ~54.44 £20.1 393 —6.151050.0 46,149,400 415 416,467 484,546 557 551
-2.454 886.6 =0.02522 0.5411 50.0 o 426.0
Phenol, CgH,OH -8.023 1888 1.055 -£.718 3258500 40,7510 4200  3,6,14,415,416,467,484,564 570
Cycloalkanes - i
Cyclopropane, C Hg -1.335 116.2 p.o108 -0.0383€ 0,12 -127.42 10 1248 14 ;
Cyciobutane, C,Hy -1972 292,0 420 -1.766 : 0.18 -90.73 10 1304 14 |
Cyclopentane, CoH, g =2615 4857 D.3ia? -3.762 0.42 -9388 102385 3,14,415,216,417 467 524,546 530 ‘
Cyclohexane, CH, o ~1910 5882 --0.06749 0.5028 0.58 655102803 314253415 416,417,467,454 524 546,594 |
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Correlation constants: viscosity of liquid (continued)
logu, =A+ -'?—:
Compound A B Cx102 Dx 108
Olefin monomers
Isobutylene, C H, ~2.800 3533 05734 -10.59
Styrene, C H,CHCH, -1.181 4109 -0.1378 0.7310
Diolefins
1,3 Butadiene, C4H, —_2.537 4345 0.1937 -2.907
Isoprene, CoHg -0.3676 276.1 -0.3180 3.328
Chtareprene, C,H.Cl =-1.556 3017 0.06009 ~0.7937
Organic oxides
Ethylene axide, CoH,0 -1678 3124 003232  -0.7838
Propylene nxide, C,H,0 -1,180 3040 -0.904 2329
Butylene oxide, C‘HQD -1.610 3512 001705 -0.2415
Primary alcohols
-99.73 1307 45.81 -7145.3
e, i { -1709 209  473%  -4893
Ethanal, C,HgOH ~2.697 700.9 0.2582 ~4.817
a-Propanal, CoH,0H -5.333 1,158 0.8722 -9.63%
n-Butanol, C,H, 0 , -4.222 1,130 0413 4,328
Chigromethanes
Methyl chioride, CH,CI -1.311 1517 0.1334 =289%
Meihylene chloride, CH,Cl, -350 5148 0.7038 —7.dou
Chisroform, CHCI, -1812 3975 01174 -1.784
Carbon tetrachloride, CCI, ~5.658 9945 1.016 -8.133

Table 24111
+CT+DT?
u, at25°C, Range,
centipoise °c References
0.14 —140.7 10 144.7 14,434
0. -30.6t0 369.0  4,14,467,546,611,618,620
0.14 —-1089 10 1520 253546
0.20 —146,0t0 210.2 9,620,637 645
0.38 -130.0t0 261.7 4,620,832
0.25 -112510 1958  2,4,10,415,416,637,657,658,653 660 661,663
0.30 -112.0 to 208.1 4,637,657 658 659,561
0.40 -150.0t0 252.6 4,657,658
0.53 -87.6 10 ~40.0 6.9,14,415,416,467 484 637 646
-40.0 to 239.4
1.04 —-105.010 2431 69.14,415,416,457 484,637 I
1.94 -72010263.6 69,144,415 416,467 484,637 648,679 \
2.5 600102898  69,14415415457 482 637 646 |
: z
0.24 -97.710143.1  4.646,703,708,717.728 P
0.41 -96,710241.0 4,59415416574,708,717,710.721,728 i
0.52 -63.210263.4 4.6.3415416,467,574,705,708,717,721,7124,728 1
0.85 -200t02832 4,69,415416,574,645,708,708,713,717,719,721

126,728

|
3

data points were processed with a generalized least-
squares-regression computer program for minimizing
deviation. Average absolute deviations in most cases are
about 2-5%.

Correlation and data values are compared in Fig.
24---3 for water, a representative compound.

Example 24-3—To estimate the saturated liquid vis-
cosity of water at 250°C, substitute correlation con-

stants 4, B, C and D from Table 24—III and tempera-
ture (7= 250°C = 523.16 K) into Eq. (24—3):

log i, = —10.73 + 1,828/523.16 4- 1.966 X 1072
X (523.16) — 14.66 x 1075(523.16)"
= —0.9654
1y, = 0.108 centipoise

The values compare favorably (0.108 vs. 0.109).

VAPOR PRESSURE
P. M. Patel, Gordon R. Schorr, Praful N. Shah and Carl L. Yaws

Vapor-pressure data for pure components are ex-
tremely important in phase equilibria. Most dew-point,
bubble-point and flash calculations in mass-transfer
operations (such as distillation) involve the vapor pres-
sure of the respective pure components, The design of
pressure requirements for storage equipment and many
process vessels requires knowledge of the vapor pressure
of the components being stored or processed.

Correlation constants—Table 24—V
The vapor pressure of the saturated liquid as a func-
tion of temperature was based on the correlation:

logP, =4+ B/T+ ClogT + DT + B (24—4)

In Eq. (24—4), P, = vapor pressure of saturated liquid,
mmof Hg; 4, B, C, D, E = correlation constants for the
chemical compound: and T = temperature, K.

The correlation constants are given in Table 241V,
as are the temperature ranges over which the correlation

TCHEMICAL, ENGINEERING NOVESBER 27, 1976
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constants apply. In many cases, the correlation covers
the complete saturated-liquid state from the triple point
to the critical point.

Also given in the table are values for the acentric
factor, @, which is defined by:

@ = —log P, — 1.000 (at 7, = 0.70) (24--5)

In Eq. (24-—5), P, = reduced pressure, P, /P, and
7, = reduced temperature, 7/7,.

The .acentric factor is an important parameter in
generalized thermodynamic correlations involving vir-
ial coeflicients, compressibility factor, enthalpy and
fugacity,

A generalized least-squares computer program for
minimizing the deviation of calculated and data values
was used to process the numerous data points (more
than 7,500) screened from publications and books.
average deviation was 0.72% for 62 compounds.

In the processing, other vapor-pressure equations

he
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CORRLLATION CONSTANTS

3
2 Correlation constants: vapor pressure Table 241V
-
log P, = A +-§1‘ Clog T+ DT+ £ET2
Acentric No. of Avg.
factor, Range, data dev.,
Compound A B Cc Dx103 Ex108 w - points % References
Halogens
Fluerine, F, 21480 -51651 <1121 14,355 - 0.066 =219.210 1290 174 0.86 475264646
Chiorine, Cl, 42262 -2009.8 -13.963 9.3705 - 0.073 ~100.4 10 1441 235 1.24  59,10,52,183,413,645
Bromine, Br, 32102 24548 -8.2176 4.2584 - 0.037 =7.010315.0 174 092 5§52
] lodme, |, 51.326 -4191.2 15727 5.5603 - 0.123 1138 to 5460 54 082 52
i) Sulfur oxides
“ Sulfur dioxide, 50, 46,554 -2456.3 -=15.163 9.0026 = 0.253 ~67.610157.8 - 233 070 §3.10.81413
L Sulfur trioxide, 04 16089 -2081.2 -54.240 43154 17.432 0421 ~1.010218.3 12 055 59413
d Nitrogen oxides
Nitrous oxide, N, 0 54.061  -1894.7 -19.405 16.572 - 0.157 —88.5 10 365 142 0.62° 53.10,103,118
Nitric oxide, NO 258,37 -4361.0 -115.08 167.15 = 0.5685 ~156.8 10 =29 17 0.69 5433
Nitrogen diowide, NO, 33.024 22767 -10.143 889510 - 0.652 ~-11310 1584 108 0.26 5,10
Carbon oxides
* Carbon monoxide"CO 32863 -B06.91 12909 77.551 - 0.044 —200.7 to —140.0 95 0.37 53910415548
Carbon dioxide, CEI, 47544 -1792.2 —16.559 13833 - 0.223 ~56.0t0 312 163 0.12  58.10,103,433.415,645
Hydroyen halides
Hydrogen Houride, HF 66.244  -25880 -25.140 23493  -9.9602 0.375 =74.7 10 168.0 51 044 5413
Hydrogen chioride, HCI 136.05 —3047.3 -58.416 95496 58,507 0.133 —150.8 16 51.5 66 0.47 58413
Hydragen bromide, HBr =351 §375.2 16183 -233.04 157.16 0.080 ~B3.0 10 80.0 42 0.87 5,166
W Hydrogen iodide, HI 339435 17779 -10.620 £.5457 - 0.036 —58.5 t0 151.0 52 Soe Giww
Nitrogen hydrides
Ammaonia, NH4 38.440  -2086.2  -12.10% 1.7768 - 0.253 ~B5.01w0 1324 180 0.20 59,10,12413646
Hydrazine, N,H, E0.878  -3880.3  -20.57% 15585  -5.0525 0.314 15.0 10 380.0 58 150 183218
Hydregen oxides
Water, H,0 16.373 -28186 16908 -57546 40073 0,344 0.0t 3742 17 0.05 413546
Hydrogen peroxide, H,0, 44751 —4020.7 13076 45827 - 0.339 =001 tu 4550 45 144 248253257280
Diatomic gases
Hydrogen, H, 52366 -46.280 -0.44209 25.290 - 0 -259.4 10 —-240.2 83 017 5333646
Nitrogen, N, 21623 48557 15107 1.4 = 0.033 -210.0 ta -- 1468 287 0.16  5,10,277,300,331,332 413,645
Oxygen, 0, 5.6486  ~411.30 18118 25,042 62,612 020 ~219.1 to ~118.4 278 0.36 5_96,12,283_333,33-1,413,54&,
Inert gases .
Hefwm, He 23826 -2.8323 41992 -506.18  38084.1 0 =272.3 10 ~263.0 67 0.69 3068646
Neon, Ne 14631 -70.075 L0607 -14.361 - c —248.2 10 -228.7 78 1.26 5,379,646
Argon, Ar 24018 -54278  -B4430 16.824 - 1] -189.4 10 ~122.3 179 0.48 510,341,377 404 846,737
Oletins
Ethylene, CoH, 30895 -11868 10152 9.9351 - 0.084 —169.0 te 101 262 0.80  9,10,413415 440,548 546
Propylene, C4H, I6BIT 17255 12067 B.9s48 - 0.146 -150.0 10 921 208 0,58 413,415,440 548 646
1-Butene, C,Hy 41,610 -21588  -13.580 8.6536 - 0.194 —130.0to 1463 7] 0.68 413,415,543 648
Alkanes
Methane, CH, 225713 -656.24  -7.3942 11.836 = 0.012 =1822 10 -819 250 045 9,10,413471% 464 548 646,
735,738,738,742
Ethane, CyHg 16,316 -1074.8 -3.1434 45534 10.373 0.088 —1755 w0 32.3 128 0.42 510413215 446548
Prapane, C4H, 36.007 -1737.2 =11.666 8.5187 - 0.152 =128.9 10 96.8 105 046 413,415,548 645
Xylenes
o-Xylene, CH, (CH4), 56.025 -2955.6 17831 1.3253 - 0.312 + =20.0 10 358.4 159 0.27 413415477 548 846
m-Xylone, CoHy (CHa), 56.530 -3930.2 18835  7.9678 - 0.328 -30.0t0 246.0 105 D.47  413,415548,648
pYylene, CoHg (CH,)y 57.096 -3923.6 —18.308 1.7401 - 0.322 200 10 345.0 137 0.16  413,415477,548 646
Aromatics
Benzene, C He 651204 -32457 10403 1540 - 0.208 7.6t02004 205 D.65 9,413.415497,548,646
Naphthalene, C,oHg 19216 -83363 -72.834 56.768 -172.319 0.295 82.910475.0 157 0.54  413,415,548,646
Alkyl aromaties
Toluene, CH,CH,4 11521 -491B.1  —43.467 38.548 —13.496 0.266 ~60.0 to 320.6 203 0.63  413,415,5%8,645
Ethylbenzene, C H C,H, 60335 -40128 -19.56% 8.4520 - 0.312 --30.0 to 246.0 138 0.49 412,315 542 646
Cumene, CoH CH {CH ), 136.11 ~6044.1 —51.360 42022 -13.745 0.31 -20.012 260.0 103 0.26 413,415,548 646
Benzene derivatives
Chlorubenzene, CoH, Cl ~-54.872 -975.28 27850 3747 16.625 0.250 -35.110 3582 135 0.78  9,413415548 648
Aniline, CSHENH, 18893 31040 34714 0.02743 - 0.373 114104260 78 0,77  413,415548,646
Phenal, CgH OH 7271 22193713 -2BE.EV 22643 -73.03 0.446 67.8 to £20.0 93 1.08 413415548
Cycloalkanes
Cyclopropane, CoHg 38450 -18652 —12578 8.9375 - 0.125 =90.010 1252 50 2.00 415568535
Cyciobutane, C,Hy 21196 -53928 -B88.626 12343 -B4.648 0141 -82.010 190.4 28 0.67 10413548
Cyclopentane, CoH, o 45484 -27265 -14.593 7.6700 - 0.197 =60.010 2385 63 035 413548646
Cyclohexane, CQHW 64,753 -3619.2 -21.753 10.742 - 0.214 -25.4 to 280.3 132 0.82 413415548640
Diefin monamers
Isobutylene, C Hy 37475 20387 —11.544 16217 - 0.1 ~140.0 10 144.9 m 0.65 415548.601,609 613,620 865
Styrene, CoH,CHOH, 768.68 -20562.6 —318.53 34022 13667 0.135 -26.5 1o 369 81 300 93415548 611,012.622
160 TCHEMICAL ENGINEERING NOVEMEER 22, 1976
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Correlation constants: vapor pressure (continued) Table 241V }
log P, = A+£ 4 Clog T+ 0T + €72 |
|
Acentric No.of Avag. E
factor, Range, data dev.,
Compound A 8 c Dx10® Ex108  w °C points % References I
Dioleting
1,3 Butadiene, C,Hg 41401 -21812 -13451  B.4514 = paes -108.9 to 152.0 204 060 10,413548,830,639,648 _
Isoprene, CoHy 37616 -24272 11470 53274 - 0155 78.1 10 210.2 48 0.9 548,520,846 |
Chioroprene, C4HgCl 11416 =17851 =11467 =08341C - o8 6.4 10 261.7 13 103 548,620 |
Organic oxides |
Ethylene oxide, C;H,0 40723 -23724 12865  7.3243 - D203 73810 136.0 61 040 413413548 |
Propylene oxide, C;H,0 42063 -25595 13309  7.3076 RN ] -57.8 10 200.1 .22 064 413,547,653
Butylene oxide, C Hy0 5.0952 13619 023768  0.69560 = oast ~9.0 10 252, 30 B0 4
Primary alcohols ]
Methanal, CH,0H —42§29 -11862, 23279 -35.082 17576  D0.568 —67.4 10 2400 203 089 0413415528 543 646606 |
Ethanol, G, Hg OH -10867 -22126 10298 -21.061 10748  0.636 -45.0 10 243.0 139 056 9.4135:95486%5
n-Propanal, C4H,0H -33831 51275 14880 17579 74666  0.622 0.0 0 263.7 175 118 9,413,415 619,515,646 656,
675 |
n-Butanal, C,Hg OH = —458.03 77604 199.14 -229.44 95283  0.581 -1210 2898 118 119 415,529,845,666,675 |
Chlaromethanes E . i
Methyl chioride, CH.CI 42821 -21008 -14140  9.5055 - D60 ~99.5 10 143.1 M3 08 81041341558E4571z |
Methylene chloride, CH,Cl, 65845 -27323 -25385 35167 -19.358  p.149 ~40.0t0 2410 43 07 548720 |
Chiorgform, CHCI, 26828 -22926 -7.1860  3.1365 - p213 —42,0 10 263.0 68 053 412415548
Carbon tewrachloride, CCl, 50612 -31357 -16.313 78636 - 0193 ~69.7 10 2822 261 0.62 59,413,415,529,548,646,731 l
were evaluated. Eq. (24—4) was selected because its
results best agreed with experimental data.
Calculated and data values are compared in Fig.
24—4 for oxygen, a representative compound. 105
Example 24-4-—To calculate the vapor pressure of o Data{Ref, 5,9,10,268,303, y
toluene at 0°C, substitute the correlation constants A, comlfi::l?‘é’:a"g:{i:l 10
B, C, D and E from Table 24—IV and temperature : : F
(T = 0°C = 273.16 K) into Eq. (24—4): 5 |
£ |
log P, = 115.21 — 4918.1/273.16 — 10¢ g
43.467 log 273.16 + & | "
38.548 X 107%273.16) — @ £
13.496 X 1076(273.16) B | £
= 8
= 0.827 : i g
3 | e
P, = 6.71 mm Hg k0
-
N
The calculated and data values compare favorably g L
(6.71 vs. 6.75). 3 o
Example 24-5—To estimate the vapor pressure of g
methyl chloride at the high temperature of 140°C, 2 1 Oxygen
. - a
substitute the correlation constants 4, B, C and D from 3
Table 24—IV (note that E = 0) and temperature £ 1
(T = 140°C = 413.16 K) into Eq. (24—4): &
g
log P, = 42.827 — 2100.9/413.16 — £
14.14 log 413.16 - 10 =
9.5055 X 1073 (413.16) .
=1
= 4.677 . o
P, = 47,500 mm Hg
The calculated and experimental values compare fa- o1

vorably (47,500 vs. 47,700).

Temperature, °C
References

744. Dawe, R, A, others, Trans. Faraday Soe., Vol. 66, No. 1953, 1970.

Other references appear in the previous parts of this series.
Vapor pressure

(Continued on p. 162)
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CORRELATION CONSTANTS
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This installment ends the serics

Part 24 concludes this serics on physical, thermo-
dynamnic and transport property data of industrially
important chemical compounds. Parts 1 through 21
have presented property data graphically, saving the
busy engineer from having to make detailed, tedious
calculations. Parts 22 and 23, as does Part 24, have
provided extensive tables of constants for calculating
properties with a computer or hand calculator by
means of standardized correlations.

Titles, issuc dates and page numbers of all the parts
of the secries are here tabulated for your convenience:

Part 1: The halogens, June 10, 1974, pp. 70-78
Part  2: Sulfur oxides, July 8, 1974, pp. 85.92

Part 3: Oxides of nitrogen, Aug, 19, 1974, pp. 29-106

Part 4: Carbon oxides, Sept. 30, 1974, pp. 115-122

Part 5: Hydrogen halides, Oct. 28, 1974, pp. 113-122

Part 6: Ammonia and hydrazine, Nov. 25, 1974,
91-100

Part 7: Water and hydrogen peroxide, Dec. 23, 1974,
pp. 67-74

Part 8: Major diatomic gases, Jan. 20, 1975, pp. 99-106

Part 9: llelium, neon and avgon, Feb. 17, 1975,
pp. 87-94

Part 10: Olefins, Mar. 31, 1875, pp. 101-109

Part 11: Alkanes, May 12, 1973, pp. 89-97,

Par: 12: Xylenes, July 21, 1975, pp. 113-122

Part 13: Benzene and naphthalene, Sept. 1, 1975,

107-115

Toluene, ethylbenzene and cumene, Sept. 29,

1975, pp. 73-81

Part 15: Chlorobenzene, aniline and phenol, Oct. 27,

1975, pp. 119-127

Cyclopropane, cyclobutane, cyclopentane and

cyclohexane, Dec. 8, 1975, pp. 119-128

17: Olefin monomers: isobutylene, styrene, Jan.

19, 1976, pp. 107-115

Butadiene, isoprene and chlofoprene, Mar. 1,

1976, pp. 107-115

19: Ethylene, propylene and butylene oxides,

Apr. 12,1976, pp. 129-137

Methanol, ethanel, propanol and butanal,

June 7,1976, pp. 119-127

Part 21: Methyl chleride, methylene chleride, chloreform
and carbon tetrachloride, July 5, 1976, pp. 81-89

Part 22: Corrciation constants: gas heat capacities, heats
of formation, free encrgies of formation, heats
of vaperization, Aug. 16, 1976, pp.79-87

Part 23: Correlation constants for liquids: heat capacities,
surface tensions, densities, thermal conducti-
vities, Oct. 25, 1976, pp. 127-135

Part 24: Correlation constants: gas thermal conducti-
vity, gas viscosity, liquid viscosity, vapor pres-
sure, Nov, 22, 1976, pp. 133-162

Fart 14:

Part 16:
Part
Part 18:
Part

Part 20:

By way of closing, Dr. Yaws would like to ask that
when you judge this series you heed the words of English
lexicographer and author Samuel Johnson, who in 1755
wrote about his dictionary (one of the first compiled):
“In this work, when it shall be found that much is
omitted, let it not be forgotten that much likewise is
performed . . .

it ey o

NOTICE

A hard-cover, two-color, compilation of this 24-part, 200-plus page series of Physical Properties
will be published by CHEMICAL ENGINEERING shortly. If you are interested in obtaining a
copy of this book, please look for the special advertisement that will appear earlv next year
giving details on the price, as well as infermation on how to order it.

Any errata pertaining to the series will be incorporated into the body of the text of the book.
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