LIBRARY OF PHYSICO-CHEMICAL PROPERTY DATA

Hﬂﬂdbook Of

IC

%&ﬁ

Volume 3

O %) 'c
.‘ dS

Gﬁfl L. Y&Wg



LIBRARY OF PHYSICO-CHEMICAL PROPERTY DATA

Handbook of

Thermodynamic
Diagrams

8

Volume 3

Organic
Compounds



LIBRARY OF PHYSICO-CHEMICAL PROPERTY DATA
‘3 &
£
&t

Handbook of Vapor Pressure

Volume 1: C, to C4 Compounds (Product #5189)

Volume 2: C4 to C; Compounds (Product #5190)

Volume 3: Cg to C,g Compounds (Product #5191)

Volume 4: Inorganic Compounds and Elements (Product #5394)
Carl L. Yaws

Handbook of Viscosity
Volume 1: C, to C4 Compounds (Product #5362)
Volume 2: Cq to C; Compounds (Product #5364)
Volume 3: Cy to C,4 Compounds (Product #5368)
Carl L. Yaws

Handbook of Thermal Conductivity
Volume 1: C, to C4 Compounds (Product #5382)
Volume 2: C4 to C; Compounds (Product #5383)
Volume 3: Cg to C,q Compounds (Product #5384)
Carl L. Yaws

Handbook of Thermodynamic Diagrams

Volume 1: C, to C4 Compounds (Product #5857)

Volume 2: Cy to C; Compounds (Product #5858)

Volume 3: Cq to C,4 Compounds (Product #5859)

Volume 4: Inorganic Compounds and Elements (Product #5860)
Carl L. Yaws

Each of the above series contains data for more than 1,000 organic compounds, including hydrocar-
bons, oxygenates, halogenates, nitrogenates, sulfur compounds, and silicon compounds. The data are pre-
sented in graphs for vapor pressure, viscosity, thermal conductivity, or thermodynamics as a function of
temperature and are arranged by carbon number and chemical formula to enable the engineer to quickly
determine values at the desired temperatures. Select series include wide ranges of inorganic compounds
and elements.

Handbook of Transport Property Data (Product #5392)
Carl L. Yaws

Comprehensive data on viscosity, thermal conductivity, and diffusion coefficients of gases and liquids
are presented in convenient tabular format.

Physical Properties of Hydrocarbons
Volume 1, Second Edition (Product #5067)
Volume 2, Third Edition (Product #5175)
Volume 3 (Product #5176)

Volume 4 (Product #5272)

R. W. Gallant and Carl L. Yaws

The four-volume series provides chemical, environmental, and safety engineers with quick and easy
access to vital physical property data needed for production and process design calculations.

Thermodynamic and Physical Property Data (Product #5031)
Carl L. Yaws

Property data for 700 major hydrocarbons and organic chemicals, including oxygen, nitrogen, fluorine,
chlorine, bromine, iodine, and sulfur compounds, are provided.



LIBRARY OF PHYSICO-CHEMICAL PROPERTY DATA

Handbook of
Thermodynamic
Diagrams

<
i

Yolume 3

Organic
Compounds
CS to C‘Z S

Carl L. Yaws

Gulf Publishing Company
Houston, Texas



Handbook of Thermodynamic Diagrams, Volume 3

Copyright © 1996 by Gulf Publishing Company, Houston,
Texas. All rights reserved. Printed in the United States of
America. This book, or parts thereof, may not be reproduced in
any form without permission of the publisher.

Gulf Publishing Company
Book Division
P.O. Box 2608 (1 Houston, Texas 77252-2608

10 987 65 43 21
Printed on Acid-Free Paper (c)
Library of Congress Cataloging-in-Publication Data

Yaws, Carl L.

Handbook of thermodynamic diagrams : volume and
enthalpy diagrams for major organic chemicals and
hydrocarbons / Carl L. Yaws.

p- cm.—(Library of physico-chemical property data)

Includes bibliographical references.

Contents: v. 1. C, to C4 compounds —v. 2. C5to C,
compounds — v. 3. Cg to C,4 compounds — v. 4. Inorganic
compounds and elements.

ISBN 0-88415-857-8 (v. 1 : alk. paper). — ISBN
0-88415-858-6 (v. 2 : alk. paper). — ISBN 0-88415-859-4
(v. 3 : alk. paper). — ISBN 0-88415-860-8 (v. 4 : alk. paper)

1. Thermodynamics—Tables. 2. Hydrocarbons—
Tables. 3. Organic compounds—Tables. 1. Title.

II. Series.

QD504.Y36 1996

6607.2969'0223—dc20 96-36328
CIP

v



CONTENTS

Preface . . .....oi e vii
Thermodynamic Graphs for Organic Compounds Cgto Cpg ..................oottt. ]
References ............ooiiiiiiiii e 364
Appendix A: Equations for Thermodynamic Properties ........................... 366
Appendix B: Peng-Robinson Equation of State for Thermodynamic Properties . ......... 367
Appendix C: Examples for Thermodynamic Diagrams ............................ 369
Appendix D: Critical Constants and Acentric Factor for Cg to (o5 Compounds ........... 371
Appendix E: Gas Heat Capacity for Cgto Cog Compounds ......................... 376
Compound Listby Formula ........ ... ... ... ... ..l 382
Compound Listby Name . ....... ... .. i, 389
Computer Program for Thermodynamic Properties .............................. 396



CONTRIBUTORS

Mei Han Graduate student, Chemical Engineering Department, Lamar
University, Beaumont, Texas 77710, U.S.A.

Sachin D. Sheth Graduate Student, Chemical Engineering Department, Lamar
University, Beaumont, Texas 77710, U.S.A.

Carl L. Yaws Professor, Chemical Engineering Department, Lamar University,
Beaumont, Texas 77710, U.S.A.

ACKNOWLEDGMENTS

Many colleagues and students have made contributions and helpful comments over the
years. The author is grateful to each: Jack R. Hopper, Joe W. Miller, Jr., C. S. Fang, K. Y. Li,
Keith C. Hansen, Daniel H. Chen, Fu-Ming Tsuo, Jeng-Shia Cheng, San-Min Chou, J. W. Via,
II, P. Y. Chiang, H. C. Yang, Xiang Pan, Xiaoyan Lin, Duane G. Piper, Jr., Li Bu, Sachin D.
Nijhawan, Sachin D. Sheth, and Mei Han.

The author wishes to acknowledge special appreciation to his wife (Annette) and family
(Kent, Michele, Chelsea, and Brandon; Lindsay and Rebecca; and Matthew and Sarah).

The author wishes to acknowledge that the Gulf Coast Hazardous Substance Research Cen-
ter provided partial support to this work.

DISCLAIMER

This handbook presents a variety of thermodynamic and physical
property data. It is incumbent upon the user to exercise judgment in
the use of the data. The author and publisher do not provide any
guarantee, express or implied, with regard to the general or specific
applicability of the data, the range of errors that may be associated
with any of the data, or the appropriateness of using any of the data
in any subsequent calculation, design, or decision process. The
author and publisher accept no responsibility for damages, if any,
suffered by any reader or user of this handbook as a result of deci-
sions made or actions taken on information contained herein.

vi



PREFACE

Thermodynamic property data are important in many engineering applications in the chemi-
cal processing and petroleum refining industries. The objective of this book is to provide the
engineer with such data. The data are presented in thermodynamic diagrams (graphs) covering
a wide range of pressures and temperatures to enable the engineer to quickly determine values
at points of interest. The contents of the book are arranged in the following order: graphs, ref-
erences, and appendixes.

The graphs are arranged by carbon number and chemical formula to provide ease of use.
English units are used for the property values. For those involved in SI and metric usage, each
graph displays a conversion factor to provide the SI and metric units.

The graphs provide wide coverage for volume and enthalpy as a function of temperature and
pressure, including the following:

* two-phase region for saturated liquid and vapor

* superheated gas region for gases above saturation temperature

* subcooled liquid region for liquids below saturation temperature

* supercritical region for temperatures and pressures above critical point

The graphs for enthalpy also contain lines of constant entropy to permit engineering usage for
2nd law problems such as adiabatic expansion and compression of fluids.

The coverage encompasses a wide range of organic compounds including hydrocarbons,
such as alkanes, olefins, acetylenes, and cycloalkanes; oxygenates, such as alcohols, aldehydes,
ketones, acids, ethers, glycols, and anhydrides; halogenates, such as chlorinated, brominated,
fluorinated, and iodinated compounds; nitrogenates, such as nitriles, amines, cyanates, and
amides; sulfur compounds, such as mercaptans, sulfides, and sulfates; silicon compounds, such
as silanes and chlorosilanes; and many other chemical types.

The range of coverage for pressure is from 10 to 10,000 psia. Very limited experimental data
are available at pressures above 1,000 to 2,000 psia. Thus, values at the higher pressures
should be considered rough approximations. Values at lower pressures are more accurate.

The graphs are based on the Peng-Robinson equation of state (1) as improved by Stryjek and
Vera (2, 3). The equations for thermodynamic properties using the Peng-Robinson equation of
state are given in the appendix for volume, compressibility factor, fugacity coefficient, residual
enthalpy, and residual entropy. Critical constants and ideal gas heat capacities for use in the
equations are from the data compilations of DIPPR (8) and Yaws (28, 29, 30).

The literature has been carefully searched in construction of the graphs. References for
sources used in preparing the work are given in the section following the graphs near the end
of the book.

For the graphs, some of the compounds may undergo thermal decomposition (reaction) at
the higher temperatures. For such cases of thermal decomposition, the graphs are useful for
ascertaining property values of the pure compound which is contained in the reaction mixture.
Chemistry handbooks and DIPPR (8) notes may be used for specifics regarding thermal
decomposition.

Vil



A list of compounds is given near the end of the book to aid the user in quickly locating
compounds of interest from knowledge of the chemical formula or name.

An executable computer program, complete with data files, is available for calculation of

thermodynamic properties. For information on the program, contact Carl L. Yaws, Ph.D., P. O.
Box 10053, Beaumont, Texas 77710, phone/fax (409) 880-8787.

viii
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Enthalpy, BTU/Ib
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Enthalpy, BTU/Ib
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Enthalpy, BTU/Ib

[ C8H23N5 TETRAETHYLENEPENTAMINE

10 : - ————— 10
1 psia = 6.895 kPa na
1 #°3/1b = .0824 m"3kg g
S £
\\
\\\
! =t !
S S B e RS
m ¢ | ¢
& 188! -
o AN A [
E AN ] |
S N ] N
\ [ | i
01 = — | Y - i 4 0.1
= IpRgEs S==
,' + I~ } —1— —— -
B EEEE
— oor :
= 400 F
200 F
0.01 L
10 100 ) 1000
Pressure' DSIa o 2 phose ————— temperature
600 . ———————11 600
1 psia = 8.895 kPa g
500 w04 -—i-bmreE—TTT 1 BTUM = 2.328 kJkg | 500
_________ SlofdeeETTT ——— 1 1 BTUML R = 4.187 kikg K
--------- 3-0w ST !
R st ™~'1000F
400 -p=== 400
/’ S=041
e
’f
300 = L L Ll 300
ot 800 F i
200 200
e i1
. L] SR PP B S e S s
100 i | 100
600 F — 1
[ 1]]
° T1TT1°
oof i
-100 - Py L 100
200 200 =TT -200
LH
300 o -300
1° 100 . 1000 10000
Pressure, psia
Dstum: kieal Gae @ 77F(25C), H=0, 8+ AMP = 0 am— 2 phose e tempustule . entropy

100



[ C8H2404Si4 OCTAMETHYLCYCLOTETRASILOXANE

10 10
1 psis = 6.895 kPa i
1 /°3/1b = .0624 m"3kg e
S S Y O 1 _
™
\\\\\
1 \ N !
B I ¢ e S
0 — N BRI ——
® t§ : \\’_ = i
o NG 1 -
= \ e .
g NG bl iy
\ —
E NN !
3 < i
° H
> \ \ 5 | |
0.1 —+ s tei-f 0.1
\“ A B ) 1
) AN IR
y L | |
— = o i 900 F =
/ b _b\_:“:h.,,\ yoor™ - —
- i | | | SO00F \‘t\_\_‘
I 00F = o
100 F
0.01 0.01
10 100 i 1000 10000
Pressure, psia e 2 phose tompersture
400 . ——————— 400

1 psia = 6.895 kPa
18TUMb = 2.326 kJkg 1 380
18TUMbR = 4.187 kkg K

T —
i} —
%0 it 900 F P 300
e 260
— 1.8=026 R I G 0 O il jis
2 ] ] e _
F= 2 ] T -+
5 200 i se0ns = — 5% R e T + 200
[ S — DS I = —
£ e A -
2 it =02 0
o i
P A
£ // b
g ~ 500 F 1
w / // ------- I
- 5-0.1 S SR S U 0 0 0 .
// .
300F i
(o] —I
_____ - - -8=0 S Y O ) I
|
HEmaaaE pzeh
100F —p— T i 60
- HH 100
N ' 1000 10000
Pressure, psia
Datum: Idesl Gas @ 77F(25C), H=0, S + RnP = 0O ) . — vy

101



102

l C9H405 TRIMELLITIC ANHYDRIDE
10 — . —— 10
N 1 = s
& T 1 psia = 6,895 kPa i
AN L it 1#°3Mb = .0624 m"3kg  |i—
N FF T T T T it
N L H H H H
\ { A
N T
NN
NN ]|
1 ~ = et S [y e -+ 1
] B\ N T — 1T
-] UV, Sha— 1——--\‘ 4 e e e -
s N i IS T P
(] N - A e
< AN ) i) i
R e
. | I (|
< i .
E Pl
=1 e
2 Pl
0.1 I
’ == e
A
| LI
N
1200 F A -+
1000 F
800F ————p | T ]
e * progd i
H 400 F
0.01 } 0.01
10 100 . 1000 10000
Pressure, psia — ohew  —— tompustue
400 : : —1——1 400
1 psia = 6.895 kPa -
— 1 BTUMb = 2.326 kJkg ’
§m028 L PaiobobopromTT 1BTULR = 4.187 kIkgK |
300 g ¢
o
200 =
o
= /
2
'—
[3e]
> 100
=
2 A
5 =
o / -~
-- - - —+8=002 —F-b-b-bb———- T
-100 “+ i — — 14 -100
400 F T
-200 4 -200
10 100 ) 1000 10000
Pressure, psia
Detum: idesl Ges @ 77 F(25C), H= 0, S+ RnP =0 — 2 phose ———— tempeetHe - — — —. entropy



[ C9HEN202 TOLUENE DIISOCYANATE

103

10 1 ﬁ.fI‘ngA SN P S S 1 T 10
o o = 1 et e e e 201 i [ T
N L I (N 3 O N (SRS I P I I B | 1 psia = 6.895 kPa i
Ny 1#°3/b = .0624 m*3kg |i~i-
\\ i
T
N
NN
1 N —
o) s e D) S o
= ]
o N
b=
R
2 \\
o
> \
0.1 I e T e e S N |
i S ot o 2 1 ot N E— T
A T SN S NN o \ 1 VO (SS! S E i il ot
A S 1 13
THIH— SO — T T TITTT
! - = SPY S S
H / T 1 | -
TOO F
— : = 500 F T e !
300 F N
100 F T 1
0.01 L o0.01
10 100 . 1000 10000
Pressure, psia 2 phese
400 T — 1 400
i 1 psia = 6.895 kPa
T e s '—1 LJ 1BTUM = 2.326 kJkg -
b 1BTUML R = 4.187 kikg K
200
L
N~
-}
et
2]
> 100
a
E ,/f _____ §=0.1 s it
e ~
i S00F .
o} ——— ’E_ o
S5 SN N S S N AN S i
- S=-0.05 S SN D
-100 1 - HH—— 1] -100
R f RN
T S -
-200 - -200
10 100 ) 1000 10000
Pressure, psia
Dstum: ideal Gee @ 77 F(25C), H= 0, S+ RnP =0 a—— 2 phase ————— temparsiute -———. entropy



| coH7N ISOQUINOLINE ]

10 e . — , ————— 10
D = ) Tt e BB 21 = B T
\\ 1 psia = 6.895 kPs -
13 = .0624 m*3kg —de
N\ i
\i\ < T
NN
INDN
§\\\
N
N |
1 =3 1
T
2 N | 1
™ N
&
o AN
g N\
32 N\
S NN
0.1 — He—— i” 0.1
- I I N D \ i 1)
- S
i I \ 04
l.....\‘IH)OF J ol
4/ I [
> 1
ot - 900F ]
-+ 700 S
500 F ——
! 300 F
]
0.01 i 0.01
10 100 . 1000 10000
Pressure, psia e 2 phoae remparatare
§00 y —————— 500
1 psia = 6.895 kPa
1 BTUMb = 2.326 kJkg &
O 1BTUMDR = 4.1
400 - Sl BTU/Mb 4987 kIkgK | 400
_}.8=034 - 4
R Sy - . 1100 F _'____,.,,_.-r T i
g e o o —f=se0ai N iy R
= T I S
-------- LT T o I QUGS Lot |
300 e — . J 1,—1—],-L~ 300
o] 1 -~ [ ] ]]
2 ] SEm 4 T
§ T / ‘-——-N___m; [ ‘
= 200 R R A F -+ 200
@ g | ]| \
z [ Py d RER i
© ! S=0.12 =TT
5 100 1 / = 100
[ o
w (- -
//
0 e o o
- JRR AT L)Y, VIR O A SE— B s s A A
-100 ; : 200F =T 100
i
EE
-200 414+ 200
10 100 ) 1000 10000
Pressure, psia
Detum: ideal Gos @ 77 F(25C), H=0, S+ RnP =0 o 2 phase ——— tempwsture -———- entropy

104



| coH7N QUINOLINE

105

10 10
S 1 psia = 6.895 kPa i
16°3/ = 0624 m"3kg  [{-+-
NS
\\\\ < ’
\\\
N
NN
NOORK
N
1 NG Eee—— ==
2 N R S -
™ N B e
3: ™ T1
g N
E N
2 \J {
S | N\ N
0.1 |.U. N B S
e = 1t
H F TREENS =
|I1 1| RO
HH 4 = h N
Il . T 900 F \\
l el 700 F ;-h\‘_r——-—l :~
= = 200 =SSss
0.01 0.01
10 100 . 1000 10000
Pressure, psia —— 2 phase rerpersture
600 —1 171 500
b 1 psia = 6.895 kPa
1 BTUMb = 2.326 kJAkg
——f—d 1 = 4.187 kA I
400 —t 1 BIU/b R ok 1 400
_8=033 P -
S B L 1100 F S
- — P PR O s
S S ___N'-'-"— ' IS SN 5 o8 1
300 fiemn=] ez T . = 300
_________ e // §-0.27 | ||
b=oo - IS
0 r | |
S e S Lt
P 200 - -1 200
m /f’ / |
|
5 — A
a
© 100 / / 700 F =
el o 100
« I R T Sat -0
c
w o i B
/ i
A ! ]
0 €00 F == 1 | °
=y
__________ S - e SIS DU DS U0 S S
-100 200F Foii -100
|
[
-200 I -200
10 100 . 1000 10000
Pressure, psia
Detum: ideal Gae @ 77F(25C), H=0, S+ RnP = 0 m— 2 phese —_— tempersture - ———. entropy
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Enthalpy, BTU/Ib
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Enthalpy, BTU/Ib
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Enthalpy, BTU/ib
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