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This paper conta ins a " 'orkin g table an d MollieI' chart of t he t hermodynami c properties 

of 1, 3-butadiene in engilleering uni ts, for which the data wcre calculated from a set of 

empirical eq uat ions. These eq ua t ions have been p ub lished elsewhere and 8ho" 'n to be 

consisten t with exact thermodynamic rela tio Jl s and to represent the obsen'ed data within 

t h c lim its of t he experimental accuracy. Thc table covers t he proper ties of t he saturated 

fluid over the temperature range extendillg fro m the t riple point (- 164.05 °F) to within 

20 degrees of the crit ical temperature (305.6 OF ). Examples a re so lved to illustrate the 

use of the table a nd MolUeI' cha rt (log P \'ersus H) . Several other charts a re a lso presen ted. 

I. Introduction II. Experimental Data 

The extensive use of bu tadiene in the produc
tion of synthetic rubber led to a need for more 
complete and more accurate data on the proper
ties of this substance than were available when 
it acquired commercial and mili tary importance. 
Lett er Circular LC710, a collection of the avail
able data at th e time, was published in December 
1942. Further need developed for tables of 
liquid densities of butadiene and other C4 hydro
carbons found in commercial C4 mixtures, for the 
purpose of computing, from observed volumes, 
the quantities of materials bought or sold. This 
problem was brought to the National Bureau of 
Standards in July 1943, by representatives of the 
Rubber R eserve Company. Letter Circular LC 
736, containing tables of liquid densities of eleven 
hydrocarbons found in commercial C4 mL'l:tures, 
was prepared from data available in the literature 
and issued in November 1943. The need for 
more extensive tables of the thermodynamic 
properties of butadiene led to a program of ex
perimental work at the National Bureau of 
Stand ards to supply the data. The results of 
these measurements were published in 1945 in 
Research Papers RP1640 and RP1 66 1. The 
present paper gives the data in the customary 
engineering units in the more useful form of an 
extensive table and a MollieI' chart. 

• This paper was also publisbed as a Technical Report to the Office of 
Ru bher Reserve, June 30, 1947. 

TherrnodynOInic Properties of 1, 3-Butadiene 

The experimental data upon whi ch these tables 
are based are t hose given in two recent publi cations 
[7 , 8] 1. These publications describe the results of 
measurements made on bu tadiene at th e National 
Bureau of Standards, compare them with the 
relatively small amount of data available from 
other laboratories, and develop empirical equa
tions t hat arc consistent with exact thermo
dynamic r elations and that represent the observed 
data within the limit of experimental accuracy, 
which for P-V-T data on the vapor is one to three 
parts per thousand, for density of the liquid a 
very few parts in ten thousand , and for the excess 
of the enthalpy 01' entropy over that for the solid 
at the triple point is approximately one. part per 
thousand. This limit is probably as small as is 
practicable in vie.w of the rath er unstable charac
tel' of the material that polymerizes to Rome extent, 
even while ohservations are in progress. 

Other publications [1, 2] were consulted, and the 
data they contained were used for comparison 
and verification, bu t not to any considerabl e 
extent as source data for the tables . The temper
a ture of the triple poi n t was taken as - 164.05 OF 
(- 108.92°0), that of the boiling point as 24 .06°F 
(--4.41 °C) , and that of the cri tical point as 
305 .6°F (152°0). The value for the critical point 
is believed to be reli able to one or two °C. Poly-

1 Figures in brackets indicate the literature references at the cnd of this 
paper. 
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merization occurring before and during the obser
vations limited the accuracy of the determination 
of t.ho crit ical temperature. 

III. Notation 

In general, t he abbreviations approved as 
American Tentative Standard (ASA ZlOl-1 932) 
have been used, with the except ion that in giving 
numerica: values of temperatures, the degree 
sign (0) has been retained . The units an::! symbols 
used are listed in table 1. 

TABLE I. - Units and notation 

Quantity Unit Symbol 

Pressure _____________________ ___ Ib/in.'_______ P 
Specific "olu01e _______________ __ ft 3/lb ______ _ 
Temperature . _____ _____________ °F ._________ t 
Absolute te01pcrature_ _ _ _______ °R __________ T 
H eat addcd _____________________ Btujlb _____ _ 
Internal encrgy ____ __________________ do _______ u 
Enthalpy (heat eontent) _____________ do ______ _ 
Entropy ________________________ BtujlboR ___ s 
Latent heat of \' aporization _____ Btu/ lb ______ hi' 

SUBSCRI PTS 

Formula 

' du= dq- pdu. 
· h= ,,+ pv. 
ds= dq/ T. 
hl,=h, -hl. 

Property of liquid ___ ___________________________________ f 
Property of \' apOL _____________________________________ g 

Transit ion from liquid to \'apOL ________________________ fg 

a '1'h e factor 1 (ft3) (lb/in .') = 0, 185052 Btu is necessary [or numerical calcula
tions in engineering uni ts. 

IV. Fundamental Units and Constants 

1. Temperature Scale 

The Fahrenheit scale used in these tables is 
derived from the international temperature scale 
[3] of 1927 by means of the relation : 

Fahrenheit temperature = 1.8 X centigl:ade 
temperature+ 32. 

It is not expected that any changes that may be 
made when the pending revision of the scale of 
1927 is adopted, will require any material change 
in the numerical values of temperatures as given 
in these tables. 

T emperatures on the absolute Fahrenh eit scale 
were obtained by adcling 459 .688° to the tempera
tures as defined above. 
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2. Heat Units 

All of the calorimetric measuremen ts wero made 
in terms of the international joule, which was 
therefore the fundamental heat unit. It is based 
upon the standards of resistance and electromo tive 
force maintained at the Bureau and upon the mean 
solar second . The relation between the interna
tional jonle and the correspond ing cgs units, ac
cording to the most recent data [4] is: 

1 international joule= 1.00017 absolute joules, 

In tbe thermodynamic equations relations occur 
between quantities of energy, some of which were 
measured in international joules, whereas others 
such as t.he product of p ressure and volume each 
expressed in appropriate units, were measured 
directly in mechanical units, that is, absolute 
joules. Although the difference migh t be con
sidered of negligible importance, it was taken in to 
account where i t could have any appreciable effect 
on the results obtained. 

As secondary heat units the calorie and the 
British thermal unit (Btu) have been used. The 
calorie is the International T able (IT) calorie, 
widely used in engineering tables of the properties 
01 steam . It was officially adopted by the second 
International Steam T able conference [5] held in 
London in 1929, and is defined as 3,600/860 (ap
proximately 4,1860) international joules, In this 
way the m echanical equivalen t of heat, so sig
nificant in earlier tables, loses its importance as it 
becomes a defined rather than an experimental 
constant and therefore is in no way dependen t 
upon the results of past or future measurements of 
the properties of water. 

The B tu used is derivable from the calorie by 
use of relations tha t depend only upon the relative 
sizes of the centigrade and F ahrenheit degrees, 
and the relation between the kilogram and the 
pound thus, 

1 B tU= 453.592 X~=251.996 IT calor1es= 

1054.866 int joules. This method of defining the 
Btu retains the convenient relation 

1 calorie pel' gram = 1.8 Btu per pound. 
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3. Relations Between Energy Units 

The relation between t he B t u defined above, 
rind the standard fo ot-poun d is 1 B tu= 1054.866 

. . 1 X 107 )< 0.3937 778 60 f lb 
lllt JOu es 980.665 X 453.592 X 12= .1 t . 

I n using the tables, quan tit ies of heat or work that 
are given in Btu may be con \' er ted in to foot-pounds 
by mul tiplying by the factor 778. 160. In cases 
where the reverse conH l'sion is desired, th e relation 
mav he written , 

1 ft-Ib = 0.001 28508 B tu. 

• \ s volumes arc given in It 3 and pressures in Ib/in. 2, 

t he rela t ion 1 (ft 3) (lh/ in.2)= 144 (0.00128508)= 
0. 185052 B tu becomes necessary wherever numeri
cal valu es are given in an equation involving ho th 
energy in BLu and th e produ ct pv in British engI
neering units. 

4 . Units of Pressure 

In the Bri t ish system the uni t of force is the 
pound wright, which heeomes definite when th e 
yalue of the accelera t ion du e to gravity is specified. 
The value used here is 980.665 cm/sec- 2•2 

The uni t of pressuro used in this publication is 
one standard pound weight pel' sq in . absolute. 
The lower pressures have been e -pressed also in 
inellE's of mei'eury with use of the factor, 

1 Ib/in .2=2.03601 in Hg. 

, In 1901 the Internat ional Com mittee of " -e ights a nd Measures reeom. 
mended the adopt ion of an expe rimental ,",Jluc 980.665 em/sec' (32. 174 [t/see ') 
as the valne of grav ity a t lat itude 45° and sea le \·eI1 5]. Since then, those who 
haye occasion to usca standard value for {J ha\-e bee n d iv ided into two grou ps, 
one of which nscs the current "best" \'a luc for U at la t itude 45° and sea level. 
T he current value is a bou t 980.62 em/sec '. The other grou p has loyall y fol· 
lowed the lead of the internat io nal co mmi ttee in using 980.665 em/sec f. The 
\'a lue 980.665 em/see' has been used in eom puti ng these ta bles. 
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5 . Units of Volume and Density 

'The volumetric apparatus \\'as calibrated eiLher 
with water or with mercury . The volume unit 
was defined by t he relations: 

One cm3 of water at 4° C under 1 atm pressure 
has a mass of 0.999973 g . One ml of water at 
4° C under 1 atm pressure has a mass of 1.000000 
grams. One cm3 of mercury at 0° C under 1 
atm pressure has a mass of 13.5951 g. D ensit ies 
measured in giml were converted by means of the 
)'rla t ion [4], 

1 g!ml = G2 .42658 lb(ft3 . 

V. Description of Table 

Only the properties of the sa tn rated [Juid have 
been tabulated . These arc presented in tahle 2, 
which uses the notation described in the preceding 
section and in whi ch th e argument is tempera ture. 
TIl e ta ble covers the whole temperature range 
from t he t riple poin t - 164.05° F to the critical 
temperature 305.6 ° F . Values are given every 
degree F a hrenhei t in the t empera ture r ange 0° to 
200° F and a t Ie s frequen t intervals outs ide th is 
range. Such alTnngeml'n t gives a tnble wi th an 
ample number of entries in the por tion most used, 
and kee ps the table wi thin a reasonable size. 
The pressures arc ahsolute and for th e lower 
t emperatures arc given in two uni ts, namely Ib(in. 2 

and inches Hg at 32° F . The next t.wo columns 
arc devoted to the speci fi c volume of Jiqu id and 
vapor respectively in ft 3 (lb. In tha t portion of 
the table where only one column of pressures is 
given , a column of densities of the vapor in lb;ft 3 

has been inserted so that the table contains the 
same numher of columns throughout. 
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TABLE 2.- Properties of saturated 1, 3-butadiene 

Abs. pressure Specifi c volume Enthalpy I Entropy 
T empera-I I 'l'empera-

ture, t 
I~iquid, VI Liquid, h I Evap., hf6 

ture, t 
p P Vapor, v, Vapor, h, Liquid , Sf Vapor, 8, 

--:F-I Ib/in.2 in. H g It '/lb It '/lb Ftu/lb Btu/lb B tu/lb Ptu/lboR Ptu/lboR OF 
Triple' 0.010 Solid .-.-.-.----- 5.706 59.14 282.7 341.8 0.3757 1. 3317 -164.05 

point .010 Liquid 0. 020972 5, 706 122.61 219.2 341.8 .• 0904 1. 3317 - 164.05 

-160 .013 0.027 . 0210~6 4, 504 124.44 218.3 342.7 .5973 1. 3256 -160 

-155 .018 .037 .0211 17 3,310 126. il 217.1 343.8 .6048 1. 3174 -155 

-150 .025 . 051 .021198 2,461 128.98 216.0 345.0 .6122 1.3096 - ISO 

- 145\ 
. 034 .069 . 021279 1,8SO 131. 26 214.8 346.1 . 6195 1. 3023 - 145 

-140 .0'15 .092, . 021362 1, 406 133.55 213.7 347.3 I .6267 1.2953 -140 

- 135 .060 I . 121 .021446 1,079.6 135.83 212.6 348.4 . 6338 1. 2886 -135 

-130 .078 . 159 . 021530 836.8 138.13 211. 5 349.6 . 6408 1. 2823 -130 

- 125 .101 .206 . 021615 654.6 140. 42 210. 4 3SO.8 .6478 1. 2764 - 125 

- 120 .130 .265 . 021701 516.5 142.72 209.3 352.0 .6546 1. 2707 -120 

-115 . 166 . 338 .021787 411.0 145.03 208.2 353.2 . 6613 I. 2654 -115 

-110 .210 . 428 .021876 329.6 147.33 207.1 354.5 .6680 1.2603 -110 

- 105 .264 .537 . 021964 266. 3 149.65 206.1 355.7 .6745 1. 2555 - 105 

- 100 .329 .669 . 022054 216.7 151. 96 205.0 356.9 .6810 1.2509 -100 

-95 .407 .828 . 022144 Iii. 6 154. 29 203.9 358.2 .6874 1. 2466 -95 

-90 .500 1.017 .022236 146.4 156.61 202.9 359.5 .6938 1. 2425 -90 

-85 .610 1. 242 . 022328 121. 52 158.95 20 1. 8 360.8 . 7000 1. 2386 -85 

-80 . 740 1. S07 .022420 101. 44 161. 29 200.8 362.0 .7062 1. 23SO -80 

-75 .893 1. 817 . 02251 I 85.16 163. 63 199. 7 363.3 . 7124 1. 2315 ' -75 

-70 I 1. 071 2.180 .022606 71. 88 165.99 198. 7 364.7 .7184 1. 2283 - 70 

-65 1.277 2.600 . 022702 60.98 168.35 197. 6 366.0 .7245 I. 2252 -65 

-60 I 1. 516 3.086 . 022799 52.00 170. 72 196.6 367.3 .i304 1. 2223 -60 

-
58

1 

I. 621 3.300 . 022838 48. 85 171. 67 196.2 367.8 . i328 1. 2212 -58 

-56 1. 732 3.526 . 022878 45.93 172.62 195.8 368. 4 .7352 1. 2201 -56 

-54 1. 849 3.765 . 022917 43.21 173. 57 195. 3 368.9 .7375 I. 2190 -54 

-52 t 1. 973 4. 017 .022957 40.68 174. 53 194.9 369.5 . 7399 1. 2180 -52 

-SO 2.103 4.283 . 022997 38. 33 175.49 194. 5 370.0 . 7422 I. 2170 -SO 

- 48 2.241 4.563 . 023037 36.14 176.44 194. I 370.5 .7445 I. 2160 - 48 

- 46 2.386 4.857 . 023077 34.10 177.40 193. 7 371.1 .7469 I. 2150 - 46 

-44 2.538 5.167 .023 11 8 32. 19 178.36 193.3 371. 6 . 7492 1. 2141 -44 

-42 2.698 5.494 .023158 30.41 179.33 192.8 372.2 . 7515 I. 2132 -42 

-40 2.867 5.836 .023199 28.75 180.29 192. 4 372.7 .7538 1. 2123 -40 

-38 3.043 6. 196 ! .023240 27.20 181.26 192.0 373.3 .7561 I. 211 4 -38 

-36 3.229 6.574 . 023281 25.74 182.23 191. 6 373.8 .7584 1. 2105 -36 

-34 3.423 6.970 .023323 24.38 183.19 191. 2 374.4 . 7606 1.2097 -34 

-32 3.627 7.386 .023364 23.10 184.16 190.7 374.9 . 7629 I. 2089 -32 

-30 3.841 7.821 .023406 21. 91 185. 14 190.3 375.5 . 7652 I. 2081 -30 

-28 4.065 8.277 .023448 20.79 186.1 1 . 189.9 376.0 .7674 1. 2074 -28 

-26 4.299 8.754 . 023491 19.73 187.09 189. 5 376.6 . 7697 1. 2066 -26 

-24 4.544 9.252 . 023533 18.74 188. 06 189.1 377. I .7719 1. 2059 -24 

-22 4.801 9.774 I .023576 17.81 189.04 188. 6 377. 7 
. 7742

1 
1. 2052 -22 

I 
-20 5.068 10.319 .023619 16.94 

I 
190.02 188.2 378. 2 

.
7764

1 

1.2045 -20 

-18 5.348 10. 888 .023662 16. 11 191. 01 187:8 378.8 .7786 1. 2038 - 18 

-16 5.639 11. 482 .023705 J5.34 191. 99 187.4 379. 4 . 7809 I. 2032 - 16 

-14 5.944 12.102 .023749 14.61 

I 

J92.98 186.9 379.9 .7831 1. 2025 -14 

- 12 6.261 12.748 . 023793 13.92 193.97 186.5 380.5 . 7853 1. 2019 -12 

-10 6.592 13.421 .023837 13.27 194.96 186.1 381.0 .7875 1.2013 -10 

-8 6.937 14. 123 . 023882 12.66 195.95 J85. 7 381.6 . 7897 1.2007 -8 

-6 7.295 14.854 . 023926 12.08 196.94 185.2 382.2 .7919 1. 2002 -6 

-4 7.669 15.614 .023971 11. 53 197. 94 184.8 382.7 . 7941 1.1996 -4 

-2 8. 057 16.405 . 024016 11. 01 198.94 184.4 383.3 . 7963 1.1991 -2 
I 

0 8.461 17.23 .024062 10.525 199.94 ! 183.9 383.9 .7984 1.1985 0 

1 8.669 17. 65 .024084 10.290 200.44 183.7 384.2 .7995 1. 1983 1 

2 8. 881 18.08 .024107 10.062 200.94 183.5 38>l4 .8006 1. 1980 2 

3 9.097 18. 52 
1 

.024130 9. 839 1 201. 44 183. 3 384.71 .8017 1.1978 3 

4 9.317 18.97 .024153 9.623 201. 94 183.1 385.0 .8028 1. 1976 4 
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TABLE 2.--Propel·ties of satumted 1, 3-butadiene-Co ntinucd 

.~ bs. pressure Specific volume 

1 L iqu id, hI 

Enthalpy Entropy 
rr'empera· ---- 'rempera-

ture, t ture, t 
p P L iquid, VI '~a.por, vr Evap., hI' Vapor, h g L iq nid, Sf Vapor, Sf 

'F lb/in.' in. IIg It 'jib ft'/lb Btu/lb Ftu/lb Pt,,/lb Btujlb' R BI.u/lbo R of 

5 9.542 19.43 0.024176 9.413 202.44 182.8 385.3 0. 8038 I. 1973 5 
6 9.770 19.89 .024199 9.208 202.95 182.6 385.6 .8049 1.1971 6 
7 10. D03 20.37 .024223 9. D08 203.45 182.4 385. 9 .8060 I.J 969 7 
8 10.241 20.85 .024246 8. 814 203.96 182.2 386. 1 .8071 I. 1966 8 
9 10. 482 21. 34 .024269 8.625 204.47 182. 0 386.4 .8082 1.1964 9 

10 I 10.728 21. 84 .024293 8.441 204.97 181. 7 386.7 .8092 I. 1962 10 
11 10.979 22.35 .024316 8.261 205.48 181. 5 387. 0 . 8103 I. 1960 . 11 
12 11. 234 22.87 . 024340 8.087 205.98 181. 3 387. 3 . 8114 1. 1957 12 
13 11.494 23.40 . 0243f>3 7.917 206.49 181. 1 387.6 .8125 1. 1955 13 
14 11. 759 23.94 .024387 7.751 207.00 180.9 387.9 . 8135 I. 1953 14 

15 12.029 24. 49 .024411 7.589 207.50 180.6 388. 1 .8146 1. 1951 15 
16 12.303 25. Q.\ . 024435 7.43 1 208. ()] 180. 4 388.4 . 8157 1.1949 16 
17 12.582 25.62 .024459 7.278 208.52 180. 2 388.7 .8167 1.1947 17 
18 12.866 26.20 .024483 7. 128 209.03 180. 0 389. 0 .8178 1.1945 18 
19 13. 155 26.78 .024507 6.982 209.54 179.7 389.3 .8189 1.1943 19 

20 13.45 27.38 .024531 6.840 210.05 179.5 389.6 .8199 1. 1942 20 
21 13.75 27.09 .024555 6.701 210.57 179.3 389.9 .8210 J.J940 21 
22 14.05 28.61 . 024579 6.566 211. 08 179.1 390.1 .8220 1. 1938 22 
23 14.36 29.24 .024604 6.434 21 1. 59 178.8 390.4 .8231 1. 1936 23 
24 14.68 29.88 . 024628 6.305 212.10 178.6 390.7 .8242 1.1934 24 

25 15.DO 30.54 .024653 6. 179 212. 62 178.4 391. 0 .8252 1.1933 25 
26 15.32 31. 20 .024677 6.057 213. 13 178.2 391. 3 .8203 1. 1931 26 
27 15. 66 31. 87 .024702 5.937 213.65 177. 9 391. 6 .8273 1. 1929 27 
28 15.99 32.56 . 024i27 5.820 214. 16 1.17.7 391. 9 .8284 1. 1928 28 
29 16.34 33.26 .024 752 5.706 214.68 177. 5 392.2 .8294 1.1926 29 

30 16.68 33.97 .024777 5.595 215.19 177. 2 392.4 .8305 1.1925 30 
31 17. 04 34.69 . 024802 5. 487 215.71 177. 0 392.7 .8316 J.J923 31 
32 17.40 35.42 . 024827 5.381 216.23 176.8 393. 0 .8326 1. 1921 32 
33 17.76 36. 17 .024852 5.277 216.75 176.6 393.3 .8337 1. 1920 33 
34 18. 13 36.92 .024877 5.176 217.27 li6.3 393.6 .8347 I. 1919 34 

35 18.51 37.69 .024903 5. 077 217.79 176.1 393.9 .8357 I. 1917 35 
36 18.90 38.47 .024928 4.981 218.31 175.9 394.2 .8368 1.1916 36 
37 19.29 39.27 .024954 4.887 218. 83 175.6 394.5 .8378 I. 1914 37 
38 19.68 40.07 .024979 4.795 219.35 175.4 394.7 .8389 I. 1913 38 
39 20. 08 40.89 . 025005 4. 705 219.87 175.2 ) 395.0 . 8399 I. 1912 39 

40 20.49 41. 72 .025031 4.617 220.40 174.9 395.3 .8410 1.1910 40 
41 20. 91 42.57 .025057 4.53 1 220.92 174.7 395. 6 .8420 J.1909 41 
42 21. 33 43.43 .025083 4.447 221. 44 174. 4 395.9 .8431 1.1908 42 
43 21. 76 44.30 .025109 4.365 221. 97 174.2 396.2 .8441 1. 1907 43 
44 22.19 45.19 .025135 4.285 222.50 174.0 396.5 .8451 1.1905 44 

45 22.63 46. O~ . 025161 4.207 223.02 173. 7 396.8/ .8462 1.1904 45 
46 23. 08 47. DO .025188 4. 130 223.55 173.5 397. 0 .8472 1.1903 46 

47 1 
23.54 47.92 .025214 4.055 224.08 

173.31 397.3 [ . 8483 1.1902 47 
48 24.00 48.86 .025241 3. 982 224.61 173.0 397. 6 .8493 1. 1901 4 
49 24.47 49.82 .025267 3.911 225.13 172.8 397.9 .8503 1.1900 49 

IThermodynamic Properties of 1, 3-Butadiene 511 



512 

TABLE 2.- Properties oj sa/ura/cd 1, 3-buladiene- Coll tinllcd 

Specific volume 
'l'empcra· Abs. ________ _ 

ll/ V(I 

D ensit y 
yapor l lvg 

Enthalpy Entropy 

Liq uid hr Eva)) . hra Yapor k a Liquid Sf YaPOl"'a 

'rempcru
turc, t ture, t pressure I 

------------------1----- - --- ------------------------
° F lb/in.' fl 31lb 

50 24. 94 O. 025294 
51 25. 43 . 025321 
52 
53 
51 

55 
56 
57 
58 
59 

60 
61 
62 
63 
64 

65 
66 
67 
68 
69 

70 
71 
72 
73 
74 

75 
76 
77 
78 
,9 

80 
81 
82 
83 
84 

85 
86 
87 
88 
89 

90 
91 
92 
93 
94 

95 
96 
97 
98 
99 

100 
101 
102 
103 
104 

25.92 
26.42 
26.92 

27.43 
27. 95 
28.48 
29.01 
29. 56 

30.11 
30.66 
31. 23 
31.80 
32.39 

32.97 
33.57 
3,1. 18 
34.79 
35.42 

36.05 
36. 69 
37.34 
37.99 
38.66 

39.33 
40.02 
40.71 
41. 41 
42. 12 

42.84 
43.57 
44.31 
45.06 
45.82 

46.59 
47.36 
48.15 
48.95 
49.75 

50. 57 
51. 40 
52.23 
53.08 
53. 94 

54.81 
55.68 
56.57 
57.47 
58.38 

59.30 
60.24 
61.18 
62.13 
63. 10 

. 025348 

.025375 

.025402 

.025429 

.025456 

.025484 

.025511 

.025539 

. 025567 

.025595 

. 025623 

.025651 

. 025679 

.025707 

.025736 

.025764 

.025793 

.025821 

.025850 

.025879 

.025908 

.025938 

.025967 

. 025996 

.026026 

.026056 

.026085 

.020115 

.026145 

.026176 

.026206 

.026236 

.026267 

.026298 

.026328 

.026359 

.026391 

.026422 

.026453 

.026485 

. 026516 

.026648 

. 026580 

. 026612 

.026644 

.026677 

.026709 

.026742 

.026775 

.026808 

. 026841 

.026874 

.025908 

fl 3/lb 
3.840 
3.772 
3.705 
3.639 
3.575 

3.512 
3.451 
3.391 
3.332 
3.275 

3.218 
3.163 
3.109 
3.056 
3.004 

2.954 
2.904 
2.855 
2. 80S 
2.761 

2.7 15 
2.670 
2.626 
2.583 
2.541 

2.500 
2.459 
2.419 
2.380 
2.342 

2.305 
2.268 
2.232 
2. 197 
2.162 

2.128 
2.095 
2.062 
2. 030 
1. 999 

1.968 
1.938 
1. 908 
1. 879 
1.850 

1. 822 
1. 794 
1. 767 
1. 741 
1. 715 

1. 689 
1. 664 
1. 639 
1. 615 
1. 591 

Iblft ' 
0.2604 
. 2651 
.2699 
.2748 
.2797 

.2847 

.2898 

.2949 

.3001 

.3054 

.3107 

.3162 

. 3217 

. 3272 

.3329 

.3386 

.3444 

. 3502 

.3562 

.3622 

. 3683 

. 3745 

.3808 

.3871 

. 3935 

.4001 

.4066 

.4133 

. 4201 

.4269 

.4339 

.4409 

. 4480 

.4552 

.4625 

.4699 

. 4773 

.4849 

.4926 

.5003 

.5082 

.5161 

.5242 

.5323 

.5405 

. 5489 

.5573 

.5658 

.5745 

.5832 

.5921 

.6010 

.6101 

. 6193 

.6285 

Btullb 
225.66 
226.19 
226.72 
227.26 
227.79 

228.32 
228. 85 
229.39 
229.93 
230.46 

231. 00 
231. 53 
232.07 
232.61 
233. 15 

233.69 
234.23 
234.77 
235.31 
235.85 

236.40 
236.94 
237. 49 
238.03 
238.58 

239.13 
239.68 
240.23 
240.77 
241.32 

241. 88 
242.43 
242.98 
243.53 
244.09 

244.64 
245.20 
245. 75 
246.31 
246.87 

247.43 
247.99 
248.55 
249. 11 
249.67 

250.23 
250.80 
251. 36 
251. 93 
252.49 

253.0 
253.6 
254. 2 
254.8 
255.4 

Btu/I/) 
172. 5 
172. 3 
172.1 
171. 8 
171. 6 

171. 3 
171.1 
170.8 
170.6 
170.3 

170.1 
169.8 
169.6 
169. 3 
lu9.1 

168.8 
16S.6 
168.3 
168.1 
167.8 

167.6 
167.3 
167.0 
166.8 
166.5 

166.3 
166.0 
165.7 
165.5 
165.2 

165. 0 
164.7 
164.4 
164.2 
163. 9 

163.6 
163.4 
163.1 
162. 8 
162.5 

162.3 
162.0 
16!. 7 
161. 4 
161. 2 

160.9 
160.6 
160.3 
160. 0 
159.8 

159. 5 
159.2 
158. 9 
158.6 
158.3 

Blullb Bl u/lboR BlujlbOR 
398. 2 0. 8514 1. 1899 
398. 5 . 8524 1. 1898 
398.8 .8534 1.1897 
399. 1 .8545 1. 1896 
399.4 . 8555 1. 1895 

399. 6 
399.9 
400.2 
400.5 
400. 8 

401. 1 
401. 4 
401. 7 
401. 9 
402. 2 

402. 5 
402.8 
403. 1 
403.4 
403.7 

404.0 
404.2 
404. 5 
404.8 
405.1 

405.4 
405. 7 
406. 0 
406.3 
406.5 

406.8 
407.1 
407.4 
407.7 
408.0 

408.3 
408.5 
408.8 
409.1 
409.4 

409.7 
410. 0 
410.3 
410.5 
410.8 

411. 1 
411.4 
411.7 
412.0 
412.3 

412. 5 
412.8 
413.1 
413.4 
413.7 

.8565 

.8575 

.8586 

.8596 

.8607 

.8617 

.8627 

.8637 

. 8648 

.8658 

.8668 

.8678 

. 8689 

. 8699 

.8709 

.87 19 

. 8730 

. 8740 

. 8750 

.8760 

. 8770 

.8780 

. 8791 

. 8801 

. 8811 

.8821 

.8831 

.8841 

.8852 

.8362 

.8872 

.8882 

.8892 

.8902 

.8912 I 

.8922 

.8933 

. 8943 

.8953 

.8963 

.8973 

.8983 

.8993 

.9003 

.9013 

.9023 

.9033 

.9043 

.9053 

.9063 

1. 1894 
1.1893 
1.1892 
1. 1891 
1.1891 

1.1890 
1. 1889 
1.1888 
1.1887 
1.1887 

1.1886 
1.1885 
1. 1885 
1.1884 
1.1883 

1. 1883 
1. 1882 
1.1882 
1.1881 
1.1880 

1.1880 
1. 1879 
1.1879 
1. 1879 
1.1878 

1.1878 
1. 1877 
1. 1877 
1. 1876 
1. 1876 

1. 1876 
1.1875 
1. 1875 
1.1875 
1. 1875 

1. 1874' 
1. 1874 
1.1874 
1.1874 
1. 1873 

1.1873 
1.1873 
1.1873 
1.1873 
1.1873 

1.1872 
1. 1872 
1. 1872 
1. 1872 
1.1872 

OF' 
50 
51 
52 
53 
54 

55 
56 
57 
58 
59 

60 
u1 
62 
63 
f,4 

65 
66 
67 
68 
69 

75 
j'ti 

77 
78 
79 

80 
81 
82 
83 
84 

85 
86 
87 
88 
89 

90 
91 
92 
93 
94 

95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
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TA BLE 2.- P ro pe,.ties of saturated 1 , 3-buladiene- Continucd 

Specific volume Enthalpy Entro py 
Tcmrcra- .1 bs. ___________ Dcnsitv _______________________ Tcmw.rn-

turc, t pressure YapOJ' l j l'a I turr, l 
I ', I' , Liquid h, E,·ap. h" Vapor h, Liquid s, Vapor s, 

------ ----- ------ ------ ----------- ------------------- -----

11)5 

106 
107 
11)8 

109 

110 
III 
112 
113 
114 

11 0 
116 
117 
liS 
119 

120 
121 
122 
123 
124 

12" 
126 
127 
128 
129 

1~0 

131 
132 
1 ~3 

134 

135 
136 
137 
138 
139 

140 
141 
142 
143 
144 

145 
140 
IH 
148 
14~ 

150 
151 
152 
153 
154 

155 
156 
157 
158 
159 

lb /in.' 
64.07 
65.06 
66.06 
67.07 
68.09 

69.12 
70.17 
71. 23 
72.29 
73.37 

74.47 
75.57 
76. fig 

77.82 
78.96 

80.1 1 
81. 28 
82.40 
83.65 
84.85 

86.07 
87.30 
88.54 
89.80 
91.07 

92.35 
93.65 
94.96 
96.28 
97. 62 

98.97 
100.33 
]01. 71 
103. 10 
104.5 1 

105.93 
107. 36 
IOS.8 1 
110.27 
11 1. 75 

113.24 
114.75 
116.27 
]]7.81 
119. 36 

120.9 
122.5 
124.1 
125.7 
127.3 

129.0 
130.6 
132.3 
134.0 
135.7 

(I'/lb 
0.02()941 

.020975 

.027009 

.027043 

.027077 

.027112 

.027146 

.027181 

.027216 

.027251 

.027286 

. 027322 

.027358 

.027393 

.027429 

.027466 

.027502 

.027538 

.027575 

.0276 12 

.027649 

. 027687 

.02772'1 

.027762 

. 027800 

.02783 

.027877 

. 0279 15 

.027954 

.027993 

.028032 

. 028072 

. 028 111 

.028151 

.028 191 

. 028232 

.028272 

.028313 

. 028354 

.028395 

. 028437 

.028479 

.028521 

.02856.3 

. 028606 

.028648 

.028691 

.028735 

.028ii8 

. 02 22 

.028 66 

.028911 

.028956 

.029001 

.029046 

JI3f/~ 
1. 568 
1. .145 
I. 522 
1.500 
I. 478 

1. 45i 
1. ~36 
1. 41.) 
1. 395 
I. 375 

1. 355 
1. 336 
1. 317 
1. 298 
1. 2~0 

I. 262 
1. 244 
1. 227 
I. 209 
1. 193 

1.lifl 
I.W) 

1. 144 
1.128 
1.112 

1. 097 
1. 082 
1. 067 
1. 053 
1. 039 

I. 0246 
1. 0108 
.9972 
. 9838 
.9706 

.9576 

.9449 

.9323 

.9199 

.9077 

.8957 

.8839 

.8723 

.8608 

.8496 

.8385 

.8275 

.8167 

. 8061 

. 7957 

.7854 

. 7753 

. 765.1 

.7554 

.74.18 

1Il/!I' 
0.6379 

.6474 

.6570 

.6668 

.6766 

· foS55 
.6961"1 

.70fiR 

.7171 

.7275 . 

· i380 
.7487 
.7595 
.7704 
.7814 

.7926 

.8039 

· 153 
.8268 
.8.3R5 

.8503 

.8623 

.8743 

.8865 

.8989 

.9114 

.9240 

.9368 

.9497 

.9628 

. 97f>O 

.9893 
1. 0028 
1.0165 
1.0303 

1.044 
1.058 
1. 073 
1.087 
1. 102 

1. 110 
1. 1:1 1 
1. 140 
1. 102 
1. Iii 

I. 193 
1. 208 
1. 224 
1. 240 
1. 257 

1. 273 
1. 290 
1. 307 
1. 324 
1. 341 

Bill /lb 
250.0 
256.4 
257.0 
257.6 
258.2 

2;'8.8 
259.3 
2·59.9 
260. 5 
201. 

261. 7 
262.2 

262.8 
263.4 
2G4.0 

264. () 
265.1 

205.7 
266.3 
267.0 

267.5 
268. 1 
26<.7 
269.3 
269.8 

270. 4 
27 1. 1 
27 1. 7 
272.2 
272.8 

273.5 
274.0 
274.6 
275.2 
275.9 

276.4 
277. 0 
277. 7 
278.2 
278.8 

279.5 
280.0 
280.7 
281. 3 
281. 9 

282.5 
283. I 
283.7 
284.4 
285.0 

28".6 
286.2 
286.8 
287.4 
2<8. n 

Ther:modynmnic Properties of 1, 3-Butadiene 

Bill 1/1) 
15R.0 
157.8 
157.5 
157.2 
150.9 

J5G. G 
156.3 
156.0 
]55. i 
155.4 

155.1 
f54.8 
154.5 
1-'4.2 
\.)3.9 

1.)3.6 
1.13.3 
153.0 
If,2.7 

152.3 

1!l2.0 
151. 7 
1.11. 4 
1.\1. 1 
1.)0.8 

150.5 
150.1 
149.8 
149,5 

149.2 

14R. 8 
148.5 
14 .2 
147.9 
147.5 

147.2 
146. 9 
146.5 
146.2 
145.9 

145.5 
14.,.2 
144.8 
144.5 
144. 1 

143.8 
143.5 
143. 1 
142.7 
142.4 

H2.0 
1<11. 
141. 3 
141. 0 
140. n 

BlIl /ll) BlIl /liJo R 
414.0 09073 
414.2 .9083 
414.5 .9093 
414 .8 .9103 
41.5.1 .9113 

415. 4 
415. G 
415.9 
416.2 
416. 5 

416.8 
417.0 
417.3 
417.6 
417.9 

41 .2 

418. " 
418.7 
419.0 
419.3 

419.5 
419.8 
420. I 
420.4 
420. 6 

420.9 
421.2 
421. 5 
421.7 
422.0 

422.3 
422.5 
422.8 
423. I 
423.4 

423.6 
423.9 
424.2 
424.4 
424. 7 

425.0 
425.2 
425.5 
425.8 
426.0 

426.3 
426.6 
426.8 
427.1 
427.4 

427.6 
427.9 
428.1 
428.4 
42<.6 

.9123 

.9133 

.9 143 

.9153 

.9163 

. 9173 

.9 183 

.9193 

.9203 

.9213 

.9223 

.9233 

.9243 

.9253 
9263 

.9273 

.9283 

.9293 

. 9303 

.9313 

.9323 

.9333 

.9343 

.9353 

.9363 

.9373 

. 9383 

.9392 

.9'102 

.94 12 

.9422 

.9432 

.9442 

.9452 

.9462 

. 9472 

.9482 

.9492 

.9501 

.9511 

.952 1 

.9531 

.9541 

. 9551 

.9561 

.9571 

.95 I 

. 9590 

.9600 

.9fl10 

Btu/IIPR 
I. 1872 
1. 1872 
I. 1872 
1. IB72 
1. 1872 

l.1872 
1. 1872 
I. 1872 
1.1872 
1. 1872 

1.1872 
1. 1872 
1.1872 
1. 1872 
1. 1873 

1.1873 
1.1873 
1. 1873 
1. 1873 
1. 1873 

1. 1873 
I. 1874 
1. 1874 
I. 1874 
1. 1874 

1. 1874 
1. 1875 
1. 1875 
1. 1875 
1. 1875 

1. 1875 
1.1876 
1.1876 
1.1876 
I. 1876 

1. 1877 
1.1877 
1.1877 
1. 1878 
1.1878 

1. 1878 
1. 1878 
1. 1879 
I. 1879 
1.1879 

1. 1880 
1.1880 
I. 1880 
1. 188 1 
1. 1881 

1. 1881 
1.1882 
1.1882 

1.1 I 
1. 1883 

105 
106 
107 
1O~ 

109 

Ilt1 
111 
lI2 
113 
114 

115 
116 
117 
118 
lI9 

120 
121 
122 
123 
124 

125 
126 
127 
12'l 
129 

130 
131 
132 
133 
134 

135 
136 
137 
138 
139 

140 
141 
142 
143 
144 

145 
140 
147 
148 
149 

150 
151 
152 
153 
154 

155 
Inti 
157 
15 
159 
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Tempera- c\ bs. 
ture, t rressure 

---------

OF /b /in.2 
160 137. 4 
161 139.2 
162 140.9 
163 142.7 
164 144.5 

165 146. 3 
166 148.1 
167 149.9 
168 151. 8 
169 1.53.7 

170 155.5 
171 157. 5 
172 159.4 
173 161.3 
174 163.3 

175 165.2 
176 167.2 
177 169.2 
178 171. 3 
179 173.3 

180 175.4 
181 177. 4 
182 179.5 
183 181. 7 
184 183.8 

185 185.9 
186 188. I 
187 190.3 
188 192.5 
189 194.7 

190 197.0 
191 199.2 
192 201. 5 
193 203.8 
194 20G.1 

195 208.5 
196 210.9 
197 213.2 
198 215.6 
199 218.1 

200 220.5 
202 225.4 
204 230.5 
206 235.6 
208 240.8 

210 246.0 
212 251. 4 
214 256. 8 
216 262.4 
218 268.0 

220 273.7 
222 279.5 
224 285. 4 
226 291. 4 
228 297. 5 

514 

TABLE 2.--P1·ope1'ties of satumted 1, 3-butadiene-Continued 

Specifi c volume Enthalpy 
--- - - --- Density 

vapor l /v. 
vr v. Liquid hr Evap. hr. 

-------------
ft '/lb /t'/lb IN/I' Bt,,/lb Bt,,/lb 

0.029092 0.7362 1. 358 288.6 140.3 
.029138 .7268 1. 376 289.3 139.9 
.029184 .7175 1.394 289. 9 139.5 
.029230 . 7084 1.412 290.5 139.2 
.029277 . 6994 I. 430 291.1 138.8 

0.29324 .6905 1. 448 291. 8 138.4 
. 029372 . 6818 1. 467 292.3 138. 1 
. 029419 .6731 I. 486 293. 0 137.7 
. 029467 .6646 1. 505 293.7 137.3 
. 029516 . 6563 1. 524 294.3 136.9 

. 029565 .6480 I. 543 294.9 136.5 

.029614 .11199 1. 563 295.5 136.2 

.029663 .6318 1. 583 296.2 135.8 

.029713 . 6239 1. G03 296.8 135.4 

. 029763 .6161 1. 623 297.4 135.0 

.029814 .6084 1. 644 298. 1 134.6 
.029865 .6008 1. 664 298. 8 134.2 
. 029916 . 5934 1. 685 299.4 133.8 
.029968 .5860 1. 707 300.0 133.4 
.030020 .5787 I. 728 300.6 133.1 

.030072 .571 5 1. 750 301. 3 132.6 

.030125 .5644 1. 772 301. 9 132.3 

. 030178 .5575 1. 794 302.5 131. 9 

.030232 .5506 1. 816 303.2 131. 4 

. 030286 . 5438 1. 839 303.9 131. 0 

.030340 .5371 1. 862 304.5 130.6 

. 030395 .5305 I. 885 305.2 130.2 

. 030450 .5239 1. 909 305.8 129.8 

. 030506 . 5175 1. 932 306.4 129.4 

.030562 .5112 1. 956 307.1 129.0 

. 030619 .5049 I. 981 307.7 128.6 

.030676 .4987 2.005 308.3 128.2 

. 030734 . 4926 2.030 309. 1 127.7 

.030792 .4866 2.055 309.7 127.3 

.030850 .4806 2.081 310.3 126.9 

.030909 .4748 2.106 311. 0 126.4 

. 030969 .4690 2.132 311. 7 126.0 

.031029 .4632 2.159 312.3 125.6 

. 031090 .4576 2.185 313.0 125.1 

.0311 51 . 4520 2. 212 313. 6 124.7 

.03 1213 .4465 2.240 315 124 

.031337 .4357 2.295 316 123 

.031464 .4252 2.352 317 122 

.03 1594 .4149 2.410 318 122 

. 031726 .4049 2.470 319 121 

.031861 .3951 2.531 321 120 

.031998 .3856 2594 322 119 

. 032138 .376:3 2.658 32:3 118 

.032281 .3672 2.732 325 117 

. 032427 .3583 2.791 326 116 

.032576 .3496 2. 860 328 115 

.032728 . 3411 2.931 329 114 
.032884 .3329 3. 004 330 113 
. 033044 . 3248 3. 079 332 112 
. 033207 . 3168 ~{ ]56 333 11] 

Vapor h. 
------

Btu/lb 
428.9 
429.2 
429. 4 
429.7 
429.9 

430. 2 
430.4 
430.7 
'131.0 
431. 2 

431. 4 
431. 7 
432.0 
432.2 
432.4 

432.7 
433.0 
433.2 
433.4 
433. 7 

433. 9 
434.2 
434.4 
434.6 
434.9 

435.1 
435.4 
435.6 
435.8 
436.1 

436.3 
436.5 
436.8 
437.0 
437. 2 

437.4 
437.7 
437.9 
438.1 
438. 3 

439 
439 
439 
440 
440 

441 
441 
441 
442 
442 

443 
443 
443 
444 
444 

E n tropy 

Liquid sr Va. POl' 8" 

---------

Btu/lboR Btu/lboR 
0. 9620 I. 1883 
. 9630 1.1884 
.9640 1.1884 
.9650 1. 1884 
.9659 1. 1885 

.9669 1.1885 

. 9679 1.1885 

.9689 1.1886 

.9699 1.1886 

. 9709 1.1887 

.97 19 1. 1887 

.9728 I. 1887 

. 9738 1. 1888 

.9748 1.1888 

.9758 1.1888 

. 9768 1.1889 

.9778 1. 1889 

.9787 1.1890 

. 9797 1. 1890 

.9807 1.1890 

. 9817 1.1891 

. 9827 1. 1891 

.9837 1.1 89 1 

.9846 1.1892 

.9856 1.1892 

. 9866 1.1892 

.9876 I. 1893 

.9886 1.1893 

.9896 1.1894 

. 9906 1.1894 

.9915 I 1. 1894 

.9925 1.1895 

.9935 1.1895 

.9945 1. 1895 

.9955 1. 1895 

.9964 1. 1896 

.9974 1. 1896 

.9984 1. 1896 

.9994 1. 1897 
I. 0004 1.1897 

1. 001 1.190 
1. 003 I. 190 
I. 005 1.190 
1. 007 1.190 
1. 009 1.190 

1.011 1.190 
1. 013 1.190 
1. 015 1. ]90 
1. 017 I. ]90 
1 019 1.190 

1. 021 1.190 
1. 023 1. 190 
1. 025 1.190 
1. 027 1. 190 
1. 029 1.190 

I Tempera-
ture. t 

----
OF 

I 60 
16 
16 
1 63 
16 

16 
16 
16 
16 
16 

li 
17 
17 
17 
17 

17 
17 
17 7 

8 
9 

17 
17 

18 o 
18 
18 
IS: 
18 

1 85 
18 
18 
18 8 

9 18 

1 90 
19 
19 
19' 
19 

19 5 
6 
7 
8 

99 

19 
19 
19 
1 

2 
20 

00 
2 
4 
6 
8 

20 
20 
20 

21 
21 
21 
21 
21 

o 
2 

6 
8 

22 o 
2 

4 

6 
8 

22 
22 
22 
22 
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TABLE 2.-Properties of saturated 1, 3-butadiene-Continued 

Specific volum e Enthalp y Entropy 
T empera· Abs. Density T empera· 

ture, t press ure vapor l /v. Lure, t 
Vr v. Liquid hr E vap . hr. I Vapor h. Liquid sr Va por s. 

of lb/in. ' f l'/lb ft '/lb Ib/ft3 
230 303.7 0.03337 0. 3091 3.235 
232 310.0 . 03354 .3015 3.317 
234 316.3 . 03372 . 2941 3.400 
236 322.8 .03390 . 2868 3.487 
238 329.4 .03408 . 2797 3. 575 

240 336.1 . 03427 .2727 3. 667 
242 342. 9 .03447 . 2659 3. 761 
241 349. 8 . 03467 · . 2592 3. 858 
246 356.8 . 03488 . 2526 3.959 
248 363.9 . 03509 . 2462 4.062 

250 371. 1 . 03531 .2398 4. 170 
252 378. 5 .0355<1 . 2336 4. 281 
254 385. 9 . 03578 . 2274 4.397 
256 393. 5 .0:3603 . 2214 4. 517 
253 401. 2 . 03628 . 2155 4.6'10 

260 409 .0365 . 2097 4. 770 
262 41 7 .0368 . 2039 4. 904 
264 425 . 0371 . 1982 5. 045 
266 433 . 0374 . 1926 5. 192 

268 441 . 0377 . 1870 5. 347 

270 450 . 03S1 . 1815 5. 51 
272 459 .0384 . 1761 5. 68 
274 467 . 0388 . 1707 5.86 
276 476 . 0392 . 1653 6. 05 
278 485 . 0396 . 1599 6.25 

280 494 . 0·101 .155 6. 47 
282 504 .0406 . 149 6. 71 
284 513 . 0411 . 144 6. 96 
286 523 . 0417 . 138 7. 24 

288 533 . 0·12,1 

I 
. 132 7. 55 

The values of en thalpy for the liquid have been 
given to hundredths of a Btu/lb where they were 
well supported by experimental data. In conse
quence of the rounding off of the values for the 
vapor and for evaporation, the latter may differ 
by one in the last place from the difference between 
the enthalpy of vapor and of liquid. 

The values in the table and chart were calcu
lated by methods described in a previous publica
tion [8] after first conver ting the four empirical 
equations g i\' en in that publication to engineering 
units. 

In computing the figures in the table from the 
empirical equations, all calculations were carried 
two digits beyond the number to be finally retained 
in the table. The values have been checked by 
dift·erences. 

The number of empiri cal eq uations used has 
been kept to a minimum, and exact thermody
namic rela tions have been u eel whenever possible. 

Thermodynamic Properties of 1, 3-Butadiene 

Btu/lb Bt u/lb Btu/lb Btu /lboR Bt u/lboR of 

334 lIO 444 1. 031 1.190 230 
336 109 445 1. 033 1.190 232 

338 107 445 1. 035 1.190 234 

339 106 445 1. 037 1.190 236 
341 105 446 1. 039 1.190 238 

342 104 446 I. 041 1.190 240 
343 103 446 I. 043 1.190 242 
344 102 446 1.045 1.189 244 
347 100 447 I. 047 1. 189 24 6 
348 99 447 1. 049 1.189 248 

349 98 447 1.051 1.189 250 
351 96 447 1.053 l.l89 252 

352 95 447 I. 055 1. 189 254 
354 94 448 I. 057 I. 188 256 

356 92 448 I. 059 1. 188 258 

357 91 448 1. 062 1.188 260 

359 89 448 I. 064 I. 187 262 

360 88 448 I. 066 1. 187 264 
362 86 448 1. 068 I. 187 266 

364 84 448 I. 070 I. 186 268 

365 83 448 1.073 I. 1 6 270 
367 81 448 I. 075 I. 185 272 
369 79 448 1.077 1. 185 274 
370 77 447 I. 079 I. 184 276 
372 75 447 1.082 1. 183 278 

375 72 447 I. 084 1.182 280 
376 70 446 I. 087 1. 181 282 
379 67

1 

446 1. 099 1. j 0 284 

380 65 445 1. 092 I. 179 286 
382 62 444 I. 095 I. 178 288 

In consequence, the values gi\' en in the table are 
thermodynamically consis ten t. 

In consideration of the large size of table for 
superh eated vapor and of the fact that the data 
for 1,3-butadiene can be represented on a chart 
nearly within the accuracy of the observed elata, 
the properties of the superheated vapor are pre
sented only in graphical form. 

VI. Description of the Mollier Chart 

Five properties, namely, temperature, pressure, 
specific volume, en thalpy, and entropy are useful 
in solving thermody namic problems. These prop
erties may be presc nted either in a table or on a 
char t such as first designed by Mollicr [9]. Any 
two of the properties may be plotted as cOOI'di
nates, but enthalpy usually is chosen as one 
coordinate as i t is the property for which numerical 
values are of most in tcre t . Anyone of th e other 
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four properties or a function thereof may be used 
for the other coordinate, depending upon th e 
nature of th e problems to b e solved and th e 
individual preference of th e user . In the present 
instance, th e use of the logarithm of pressure 
gives a constant percentage accuracy in reading 
th e pressure and utilizes the rectangular paper 
efficiently. Usually all five properties are included, 
bu t for the sake of clarity, th e constant volume 
lines have been omitted from the present MollieI' 
chart. Values for the volume may be derived 
from figures 3, 4, and 5. 

Th e logarithms of pressurcs from 3 to 300 lb/in.2 

have been plotted as ordinates. Two scales 
along the abscissa have been used to represent 
enthalpies, the one at th e left for the liquid, and 
the one at the right for the vapor. The curves 
representing the saturated vapor and the satu
rated liquid arc so marked. The area to th e 
left of th e CurTO for saturated liquid represents 
the subcooled liquid for which no data are avail
able. It should b e noted that data for other 
substances indicate that the constant temperature 
lines are practically vertical over this area. The 
area bctween the curves for saturated liquid and 
for saturated vapor represents mixtures of vapor 
and liquid. It has not been charted and the dis
tance between th e two saturation lines h as no 
physical significance. The area at the right rep
resents superheated vapor up to 3000 F . 

The chart as originally drawn is 80 by 98 cm 
(approximately 30~ x 38 }~ in.) . The mid points 
of each coordinate line were located by means 
of a beam compass and an accurate scale, and 
th e coordinate lines drawn in by means of a 
parallel straight edge. Various ch ecks indicate 
that the coordinates are drawn with an accuracy 
of 0.2 or 0.3 mm , corresponding to about 0.05 
Btu/lb and to about two parts in 1,000 of the 
pressure. 

Over 600 points were plotted so that each curve 
was drawn through a considerable number of 
suitably cbosen points by means of a spline and 
weights . Errors in plot ting larger than 0.2 or 
0.3 mm became evident due to the difficulty of 
fitting the spline to the points with a reasonable 
number of we ights. This estimate of the accu
racy of plo tting is supported by th e fact that out 
of values r ead from 20 points on th e original 
drawing, the largest discrepancy between th e 
char t and calculated values was 0.05 B tu/l b (0.3 
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mm) and 0.0008 Btu/lb oR in entropy units 
(0.3 mm). 

VII. Use of Tables and Charts 
The usefuln ess of th e table and M ollieI' chart 

is based largely on three properties of the thermo
dynamic function enthalpy (sometimes called h ea t 
conten t). The three properties referred to are 
(1) In any process that OCCUl'S at constant pres
sure the increase in en thalpy is equal to the h ea t 
added; (2) in adiabatic compression- Lllat is, at 
constan t en tropy--the work done by th e com
pressor is equal to the change in en thalpy of th e 
fluid between intake and discharge; and (3) in a 
throttling process, such as occurs at an expansion 
valve, the increase in enthalpy is equal to the 
hea t added. Therefore, when no h ea t is a deleel 
th e en thalpy is constant. 

Two problems that illustrate the application of 
th e three principles mention ed above, through use 
of the chart, will now be discussed . 

Problem 1. Butadiene is admitted into a dis
tilla tion uni t as liquid under an absolu te pressure 
of about 80 Ib/in.2 and at a temperature of 70 0 F . 
It is to be converted under the same pressure to 
gas at 120 0 F. How much heat must be added per 
pound of bu tadiene? 

Due to lack of experimen tal data, the chart does 
not give values of enthalpy for the subcooled 
liquid ; but from data on other substances it may 
be inferred that the change of enthalpy with 
pressure for subcooledliquid butadiene at constant 
temperature is so small that for all practical 
purposes the value at 80 Ib/in.2 absolute and 70° 
F is the same as the valu e 236.5 Btu/lb for satu 
rated liquid at 70 0 F. The chart indicates tha t 
vapor leaving the still at 80 Ib/in .2 absolute 
pressure and 120 0 F is practically saturated vapor 
and that its enthalpy is 418 .2 BtujIb. The 
differ en ce 4]8.2 - 236.5= 181.7 B tu per lb must 
be supplied to the butadiene. The answer should 
be affected only slightly by the presence of appreci
able amounts of other 0 4 hy drocarbons, as they 
have properties very similar to butadiene, bu t th e 
presence of dissimilar eompounds renders th e 
answer unreliable. in such problems. The heat of 
solution is involved in evaporation of mixtures 
that for dissimilar substances may differ appreci
ably from the heat of evaporation for butadiene. 

Although correc t answers can be obtained only 
when these data arc applied to th e pure monom er 
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of 1,3-butadiene, yet in many of the problems to 
be solved, mixtures of the monomer with polymer 
or with other eompollnds arc encountered. In 
some cases if the composition of the mixture is 
known, a judicious usc of the chart may lead to a 
sufficiC'ntly approximate answf'l'. 

In the following problem, which involves such 
a mixture, the results of two methods of calcula
tion with the usc of th e chart arc compared with 
the rcsults of a third method of calculation in 
which data are used from tables or charts appro
priate for each componen t of the mixture. 

The correct answer to this problem could be 
obtained only from measurements made on the 
mixture itself. Such data arc rarely available, 
but the results obtained by the third method are 
believed to approach the correct answer most 
closely. 

Problem 2. In some processes a gaseou mixture 
saturatetl with water vapor and con taining abou t 
90 percen t of bu tadiene and 8 percent of am
monia is encountered. The initial temperature 
and pressure of this mixture will be assumed to 
be 78° F and 25 Ib /in. 2, respectively. In actual 
practive the pres ure of this mix ture is increased 
only a few pound per square inch through com
pression. We will assume for the present prob
lem, however, a compression ratio of two, i. e. a 
discharge pressure of 50 Ib/in. 2, for the sake of 
sizable differences on the MollieI' chart that may 
be read with sufficient accuracy for the compari- . 
son of three methods of calculation. The prob
lem will consist in finding (1) the work performed 
by the compressor (2) the temperature of the dis
charged gas and (3) the increase in work of com
pression caused by pressure drop through valves 
or other constrictions. 

In the first method, the procedure is to calcu
late the results for pure butadiene as a rough 
approximation to the results for the mixture. 

The initial condi tion is represented on the 
MollieI' chart by the intersection between the 
pressure ordinate 25 Ibjin.2 and the constan t 
temperature 78° F interpolated between the 
dotted curves for 70° F and for 80° F. This in
tersection corresponds to an enthalpy of 408.0 
Btu/lb and an entropy of 1.209. The intersection 
of this value for en tropy with the pressure ordi
na,te 50 Ib/in.2 is at an enthalpy of 421.5 Btu/lb 
and a temperature of 120° F . Then for pure 
butadiene (1) the work of compression is 421.5 -
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408.0 = 13.5 Btu/lb aud (2) the discharge tem
perature is 120° F. 

A second method, which gives a beLLer es timate 
of the work of compression, uses the charL by Lfl k
ing account of the fact that for equal compress ion 
ratios with Lhe same inlet temperature, the work 
of compression per mole varies only 10 0 1' 20 pe1'
cen t from substance to substance, whereas the 
work per uni t mass varies over a wide range. On 
th r molar basis the calcula tion is as follows: 

0.9 Ib butadien e= 0.9/54= 0.01665 Ib mole. 
0.08 Ib ammonia = 0.08/17 = 0.00471 lb mole. 
0.02 Ib water = 0.02/18= 0.00111 lb mole. 

TotaL ______ _ . _ _ 0.02247 lb mole. 

] lb butadiene= 1/54 = 0.01 852 mole. 

Work of compression for 1 lb of mix Lure JS 

13.5 X O.02247/0.01852 = 16.4 Btu /lb . 

The third and probably the best method for 
estima ting the work of compression i to slim lip 
th e work for compressing the variou s componenLs 
separately through the same compress ion ratio 
from their initial partial pressures. Fortunatciy, 
such proced ure is possible for the mixture presen ted 
in this problem, as tables of the properties of am
monia [10J and of steam [l1J arc both available. 

The partial pressures arc for butadiene 22.5 
Ib/in. 2, for ammonia 2.0 Ib/in .2, and for water the 
saturation pressure at 78° F , which is given by 
K eenan and K eyes in Lheir table 1 as 0.4747lb/in.2 
Using the same procedure as before for butadiene 
at 25 lb/in.2 ini tial pressure, and the same initial 
temperature 78° F and compression ratio, two, 
one finds the same values for the work and the 
discharge temperature, for example, 13.5 B tu/lb 
and 120° F , respec tively. 

The ammonia tables men tioned do no t include 
pressures below 5 lb/in.2 bu t the work of compres
sion for a compression ratio of 2 and initial tem
perature 78° F is nearly independent of ini tial 
pressure. F or initial pressures of 5 andl0 Ib/in .2, 
the work of compression is re pectively 46.8 and 
46.7 B tu/l b, the discharge temperature in both 
cases being 170.5° F . One may assume the work 
of compres ion to br 46.8 B tu/lb for an initial 
pressure of 2 Ib/ in.2, alld the discharge tempera
ture 170° F . 

The steam table by Keenan and K eye give 
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for the en t halpy and entropy of saturated steam 
at 78° F , respectively 1,095.8 Btu/lb and 2.0416 
B t u/lb oR. The discharge pressure is 2 x 0.4747 = 
0.95 Ib/in2 . For convenience we will use the 
rounded pressure 1 Ib/in2• The enthalpy and 
temperature corresponding to an en tropy of 2 .0416 
and a pressure of 1 Ib/in2 are 1144.1 Btujlb and 
186° F , respectively. The work is then 1144.1-
1095.8 = 48.3 Btu/lb. 

The work of compression for the mixture is 
then, 

(0.9 X 13.5) + (0.08 X 46.8) + (0.02 X 48.3) = 

16.8 Btu/lb, 

and the discharge temperature is, 

(0.9 X (120- 78)) + (0.08 X (17 0- 78)) + 

(0.02 X (186-78)) + 78 = 125° F. 

We now have three values calculated for the 
work of compression , namely: 

(1 ) For pure butadiene, 13 .5 Btu/lb . 
(2) For the mixture, using the chart for buta

diene together with th-e assumption that the work 
of compression per mole is the same for different 
substances, 16.4 Btujlb . 

(3) For the mixture using the appropriate chart 
or table for each component of the mix ture, 16 .8 
B tu/lb. 

This last method would be expected to give the 
nearest to the correct answer, but cannot always 
be used as data may be lacking on some of the 
components. 

The discharge temperature (120° F) for pure 
butadiene is in this case lower than that (125° F ) 
for the mixture. This is due to the fact that the 
molar specific heats of ammonia and steam are 
less than that for butadiene. 

The additional work that the compressor must 
perform in consequence of a pressure drop due to 
throttling through valves or other constrictions 
may be estimated by employing the third property 
previously mentioned for en thalpy, i. o. the con
stancy of enthalpy during a throttling process 
when no heat is added or removed. The loss is 
very nearly proportional to the pressure drop and 
may be calculated by multiplying th e work per 
(lb/in.2) by th e pressure drop. If on the Mollier 
chart we follow from the point representing intake 
condi tions (78° F and 25 Ib/in. 2) downward along 
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the constant en thalpy abscissa (408.0 Btu/lb) to 
24 lb/ in .,2 the new en tropy is 1.210. If this 
constant entropy line is followed back to 25 Ib/in.2 

an enthalpy of (409.0 Btu/lb) is obtained. The 
additional work that the compressor must perform 
in conseq uence of a 1 Ib/in.2 pressure drop in the 
suction line is 409 - 408 = 1 Btu/lb . By a similar 
process one finds that 1 Ib /in. 2 pressure drop on 
the discharge side where the pressure is 50 Ib/in.2 

causes the compressor to perform extra work 
amounting to 0.5 Btu/lb. In the case where the 
total compression amounts to only a few pounds, 
losses due to pressure drop may become an nu
portant portion of the whole. 

VIII. Gra phs of Certain Properties of 
I, 3-Butadiene 

A number of smaller graphs of the properties 
of butadiene are presented in t his publication (1 ) 
to furnish data not readable directly from the 
Mollier char t and (2) to give the reader a clearer 
picture of the basis for, and relat ionships between 
these data. Figure 1 in which enthalpy (Btu /lb) 
is plotted vs temperature (OF) is especially in the 
latter class. 

/ : 

: ~ : V 

TEMPERAlURE. OF 

FIGURE I. - Enthalpy of saturated 1, 3-butadiene. 
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As will be noted in t his figure , th e value for the 
enthalpy of t he crystalline solid has been tak en as 
zerO . This has been done for two reasons, 
namely, (1) except in problems involving chemical 
reactions no negative numbers are encountered 
,,-ith such choice (2) as many of th e theoretical 
calculations of th ermody namics are b ased on th e 
theorem that th e entropy of crystalline substances 
is zero at th e absolute zero of temperature, the 
zero for entropy was chosen for this state, and it 
seem ed appropriate to assume th e sam e state for 
the zero of enthalpy. 

This choice of zero state is satisfactory for aU 
the problems for which this publication was 
designed. A value for th e heat of formation from 
the clem ents [12] may b e added to t h e enthalpi es 
llsed here, but its ass ignmen t wa oonsidered 
beyond the scope of this publication . As illus
trated by the continuous curve in th e lower left 
hand corner of figure I , th e enthalpy for solid 
butadiene gradually increa es 'Arith temperat ure 
up to the triple point (- 164.05 0 F ) then in creases 
through fusion to liquid withou t any change in 
tcmperatlll'e. When th e liquid is warmed , th e 
enthalpy again ch anges with temperature at a 
rate that gradually increases. The normal 
boiling point is reached at 24.06 0 F , in other words 
the vapor pressUt'e h as in creased to one standard 
atmosphere. 'Vi th further warming of the liquid, 
the enth alpy continued to inc1'ease at a r ate that 
b ecomes infinite at the critical temperature 
305.60 F , although the enthalpy itself is finite 
(about 421 Btu/lb). 

The heat of vaporization is zero at the critical 
temperat ure, but increases to finite values as the 
temperature is dccrcased (see do tted curve fig. 1). 
The rate of in crease at the critical is infinite but 
finite at lower temperatures. At the triple point 
t he heat of sublimation exceeds the heat of vapor
ization by an amount equal to the hcat of fusion. 
At lower temperatures the heat of sublilna tion 
increases to a maximum and then decreases. As 
neal' as can be deduced from values of Gpo from 
this formulation [8] together with th e assumption 
that Gpo for the vapor approach es asymptoti
cally toward 4R at absolute zero , the enthalpy of 
the vapor and consequently th e heat of sublima
tion at absolu te zero is about 287 Btu/lb . The 
enthalpy of th e saturated vapor is th e sum of the 
ent.halpy for the solid and heat of sublimation , or 
at high er temperatures th e sum of th e enthalpy for 
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the liquid and the heat of vaporization. T!le 
en thalpy of saturated vapor increases with 
temperature without any break at th e t riple point, 
passes through a maximum at about 265 0 F and 
joins up with th e enthalpy of the liquid aL the 
critical temperature. The enthalpy of the vapor 
at zero pressure, which is the sam e as that at the 
standard state (ideal gas at 1 atmos), is no t dis
tinguishable from th e enthalpy of th e satura tcd 
vapor at low temperatures, but at higher tem
pera tures the difference calculated from the equa
tion of state increases so that the en thalpy at 
p = l) increases steadily with temperature without 
any peculiar turn at the cri t ical tempera ture as 
exhibi ted for th e saturated vapor. 

20 4 0 60 80 100 120 140 

TEMPERATURE , OF 

FIGUR}] 2.- Specijic heat at constant pressure of ga seous 
1, 3-butar/iene. 

Figure 2 is a plot of Gp the spec ific h eat of the 
vapor at various pressures f rom 0 absolu te to 
200 Ib /in.2 abs as a function of temperatu re ex
pressed in degrees F. Thc valu es of Gp at zero 
pressure are calculable from spectro copic data 
bu t were actually calculated from an empirical 
equation [ 1 and the valu cs at other p ressures can 
b e deduced from these by using the equation of 
state. The temperature at the bottom of the 
graph apply to th e lower ot of curves, those at the 
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Lop to the upper set, with the two sets overlapping 
in the range 120 0 to 1400 F. The curve for 200 
Ib /in. 2 shows a minimum in Cp for the vapor, and 
if the CUfyeS were computed for high er pressures, 
these minimums would be more pronounced. 

Figure 3 shows values of the quantity Pv/RT 
(which is unity for an ideal gas) as a function of 
pressure for saturated yapor and for superheated 
yapor at YariOllS temperatures. It may be noted 
that at the highest pressure plotted, 120 Ibs/in2 

the yalue of Pv for saturated vapor is more than 
16 percent less than the value for an ideal gas, bu t 
t hat at low pressure, the values of Pv approach 
R T , the approach being closer for the higher 
temperatures. 
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FIGURE 3.-Pressure-rolmne-tcmpcrature relations for 
gaseolls 1, 8-butadiene. 

20 

(which is equal to zero for an ideal gas) for the 
vapor, as a function of the absolute pressure for 
yarious temperatures from - 40 0 to 1800 F . The 
quan tity plotted never reaches the yalue for an 
ideal gas, but approaches it as the pressure IS 
decreased or as the te.mperature is raised . 
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FIGURE 4.-Prcssure-volume-tcmpcrature relations for 
gaseous 1, 3-butadienp. 

For use at higher pressures and temperatures 
the coordinates used in figure 4 require too large 
a page for accurate presentation of the data . 
This difficulty is overcome in figure 5 by plotting 

. 1- Pv/RT( T)3 . , 
the product P(lb/in. 2) 100 as ordmate vs pres-

sure as abscissa. Through the use of these coor
dinates accurate values of Pv/RTmay be obtained 
over the whole pressure and temperature range 
although more calculation is involved than in 
using figure 4. The isothei'ms cross each other as 
well as the saturation curve at low pressures and 
temperatures. In this region the isotherms haye 
been omitted and the use of figure 4 will be less 
ambiguous. 
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for calculating the data needed for the M oll ieI' 
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