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General equations for the temperature dependence of the parameters of the Hudleston 
equation are given which were deduced from a study of n-alkane compression data. Empirical 
expressions for the molecular-weight dependence of the constants of these equations are like- 
wise given which are applicable only to n-alkanes. By use of these relations in the Hudleston 
equation the compressions of the family of liquid n-alkanes over ranges of T, P, and m were cal- 
culated on an IBM-650 computer. The over-all standard percentage error (SPE) of the computer 
calcufations for n-alkanes of 7 to 20 carbons up to temperatures not exceeding their normal 
boiling points was 0.10%. The over-all SPE for n-alkanes of 7 to 40 carbons up to temperatures 
substantially above their normal boiling points (but not exceeding 300°C.) was 0.21 %. 

Since the Hudleston (15)  equation 
has been shown (8, 14 )  to represent 
pressure-volume data on liquids at 
constant temperature with high accu- 
racy, it seemed desirable to investigate 
the temperature-dependent parameters 
of this equation so that it could be used 
as an equation of state for the purpose 
of making certain liquid-state thermo- 
dynamic calculations. 

To permit the calculation of com- 
pressions for all members of the n-al- 
kane family, empirical equations for 
the molecular-weight dependence of all 
parameters involved were determined. 
These are applicable to the n-alkanes 
only. With all variables defined as 
functions of temperature and molecular 
weight, a trial-and-error solution of the 
Hudleston equation was programed for 
the IBM-650 computer, and a set of 
tables was listed giving the specific 
volumes of all the n-alkanes studied at 
their temperatures of measurement but 
at even pressures. 

The purpose of carrying out this em- 
pirical study was twofold: to determine 
the nature of the variation, particularly 
that of the temperature dependence, as 
a step toward a better understanding 
of the Iiquid state and to provide a 
body of compression data at even pres- 
sures for use in subsequent calculations 
involving the behavior of liquids. 

The apparatus and method used by 
Simon and Cornish to measure the vol- 
umes of liquids under pressure have 
been described ( 1  0) , and their data on 
eight n-alkanes of 7 to 40 carbons has 
been evaluated (8). It has been shown 
that the data for n-heptane and n-eico- 
sane are very well represented by the 
Hudleston (15)  equation. This paper 
considers all the Simon and Cornish 
data and the n-alkane data of other 
investigators for the purpose of estab- 
lishing the temperature and molecular- 
weight dependence of the parameters 
of the Hudleston equation. 
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The Hudleston equation for a sample 
weight of 1 g. may be written as 

P ( V P T )  z/s 
.--------L--.-.---- 

(u",) - (UP,) 

= A, + B [  (V", )  'Is - (V'T)  ""3 (1) 
The constant B is substantially in- 

dependent of temperature except in 
the neighborhood of the critical point, 
but A, and uoT are temperature de- 
pendent. In addition, voT, A,, and B 
depend on the nature of the substance; 
thus when only the n-alkanes are con- 
sidered, they depend on the molecular 
weight. 

TEMPERATURE DEPENDENCE 
The Parameter V'T 

To explore vo = f (  T )  a study of n- 
alkane liquid-density data ( 1 2 )  was 
made which yielded the following re- 
lationship : 

y = k ( T + A )  

The values of In (v",) and k were 
determined for each of the twenty n- 
alkanes (methane to n-eicosane) in the 
following manner. Specific volumes 
from A.P.1.-44 density data (12) were 
assumed to be identical with voT at 
temperatures from the melting point to 
within 30 to 50 centigrade degrees of 
the normal boiling point. Trial values 
of vo, were calculated from In (v' , )  = 
10/m (25). The quantity y in Equa- 
tion (2) may be expressed as 

At temperatures well below the nor- 
mal boiling point no correction A is 
necessary. Hence over the range speci- 
fied, a series of values of y from Equa- 
tion (2a) was calculated for each com- 
pound at intervals of 20 centigrade de- 
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grees. Values thus calculated plotted as 
straight lines, and their slopes and in- 
tercepts were determined by least- 
squares calculations. In accordance 
with Equation (2) ,  the intercepts of 
these lines should be zero in all cases. 
Since calculation from h (v'.) = 
10/m did not provide zero intercepts 
(or more exactly intercepts < =+= 

0.0001 ) , trial calculations were con- 
tinued until a value of In (do)  was 
found for which the intercept was 
< =k 0.0001. This gave twenty pairs of 
parameters In (v".) and k.  It is inter- 
esting to note that in an earlier publica- 
tion (6), it was stated that In (u".) 
could have been read as (10/m) - 
0.005, but the value 10/m was used 
for simplicity. The method here em- 
ployed in Equation (2) gives values of 
h (v',)  almost exactly = (lO/m) - 
0.005, and these values are used here 
since more precise quantities are dealt 
with in this paper. 

Calculations were made (IBM run 
4) of the spec& volumes of the n- 
alkanes with the twenty pairs of par- 
ameters, In (do)  and k.  For sixteen 
n-alkanes, n-pentane to n-eicosane, over 
a temperature range from the melting 
to within 30 to 50 centigrade degrees of 
the normal boiling temperature (309 
points), the SPE of the calculated 
specific volumes was 0.05%. At tem- 
peratures in the neighborhood of the 
normal boiling point (and at higher 
temperatures) data on liquid density 
obtained at atmospheric pressure can- 
not be used to check values calculated 
from Equation (2) .  Another method 
was therefore used. It has been men- 
tioned (8) that the Hudleston equation 
is an excellent device for extrapolating 
accurate measurements of volume 
under pressure to the zero-pressure 
volume. With n-heptane, accurate 
measurements of the specific volumes 
under pressure over a wide range of 
temperatures have been made by a 
number of investigators, including 
Simon and Cornish (8). Application of 
the Hudleston equation to these data 
therefore enabled the zero-pressure 
specsc volumes of n-heptane to be 
calculated at temperatures beyond the 
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range of the atmospheric-pressure den- 
sities. 

When the values of y for n-heptane 
were calculated from these data ac- 
cording to Equation (Z), the linear 
relationship was observed to hold up 
to approximately 0.6 T .  or 324°K. 
Above this temperature the observed 
values of y were greater than kT. The 
nature of the deviation was exponential 
and took the following form: 

9 - k T  
A = --- 

k 
= [exp c, (T - ce T o )  1 - 1 (3) 

It was anticipated that c, = 0.6 would 
apply to aIl members of the n-alkane 
series, but a trial calculation with n- 
eicosane showed that the correction 
was applied at too low a temperature 
with the higher molecular-weight com- 
pound. This parameter was therefore 
made molecular-weight dependent. 

The Parameter A 
With the dependence of uoT on T 

established, attention was directed to 
the other temperature-dependent pa- 
rameter of the Hudleston equation. 
Bett, Weale, and Newitt (14), from a 
study of data extending over a rather 
limited range of temperatures, sug- 
gested that perhaps the Hudleston A 
was linear with temperature. Figure 1 
of a prior paper (8) indicates how- 
ever, that this linearity does not extend 
to the higher temperatures. 

To explore AT = f ( T ) ,  n-alkane 
compression data of a number of inves- 
tigators were analyzed according to the 
Hudleston equation, and thus values of 
A were provided at a variety of molec- 
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Fig. 6. n-Alkanes. Parameters of the relation- 
ship defining the dependence of specific vol- 

ume on temperature. 

ular weights and temperatures. The 
published data have frequently been 
reported as specific volumes or have 
been given in a form that can be con- 
verted to specific volumes. Such data 
were extrapolated to zero pressure by 
use of the trial-and-error procedure de- 
scribed in the prior paper (8). In the 
few instances where the available data 
(well below the normal boiling point) 
did not extrapolate to l / p  [ p  = A.P.1.- 
44 liquid density (12 ) ] ,  such data 
were not included in this study. 

The Simon and Cornish data and 
those of some other investigators are 
reported as compressions. These were 
converted to specific volumes by mul- 
tiplying by uoT calculated from Equa- 
tion (2). With the authors' data the 
intercepts A and slopes B of the 
Hudleston lines were generally calcu- 
lated by the method of least squares. 
Graphical determinations of the A's 

TABLE 7. HUDLESTON PARAMETERS 

and B's were made in all other in- 
stances except n-octane, where several 
values calculated from velocity of 
sound data seemed more reliable. 
Table 7 presents the results of these 
calculations and lists the values of A, 
B, and (uoT)'/' for all compounds and 
temperatures involved. 

Study of A = f (T) with these ex- 
tensive data led to the following re- 
lationship for the temperature depend- 
ence of the Hudleston A's: 

The degree of fit of the observed values 
to the lines determined by Equation 
(4) is discussed in a later section. 

MOLECULAR-WEIGHT DEPENDENCE 

The Parameter B 
Definition. of B as a function of 

molecular weight was complicated by 
the fact that the values of B for n-tria- 
contane and n-tetracontane appear to 
be less than for n-eicosane. Since confi- 
dence in the results for the highest 
molecular weight n-alkanes is less than 
for the lower members of the series, a 
compromise was made by choosing a 
function, Equation (5), that well repre- 
sents the B's for the lower molecular 
weight n-alkanes but continues to in- 
crease slowly as the molecular weight 
increases. This function 

h B = c 5 ( ; )  + c e  (5) 

Ref. t. OC A 

C5. mp -129.72"C; bp 36.074'C. 

0 9.834 
37.78 9.610 

3 
26 
3 50 9.340 
26 71.11 9.126 
3 95 8.746 

? C  104.44 8.606 
L" 

26 137.78 7.798 
26 171.11 6.19 
26 204.44 0.64 

3 
20 
20 
27 
20 
3 

20 
27 
3 
20 
21 
21 
28 
27 
28 
21 
27 

C6, mP -95.35"C; bp 68.74"C. 

0 10.13 
0 10.13 
25 9.93 
37.78 9.81 
40 9.82 
50 9.70 
60 9.63 

71.11 9.40 
95 9.18 
100 9.10 
104.44 9.00 
137.78 8.47 
150 8.25 
171.11 7.80 
200 6.60 
204.44 6.52 
237.78 4.21 

B 

12.8 
12.8 
12.8 
12.8 
12.8 
12.8 
12.8 
12.8 
12.8 

13.2 
13.0 
13.0 
10.8 
12.8 
13.2 
12.7 
12.8 
13.3 
13.0 
12.8 
13.2 
13.2 
13.0 
13.0 
13.2 
13.6 

1/ 3 
(V;) R e f .  t, OC A 

C7, mp -90.61OC; bp 98.43"c. 
from IBM 7 

* 
1.1576 3 
1.1805 20 

1.2038 22 
1.2239 20 

1.1886 29 

1.2330 24 
1.2748 23 
1.3493 29 

24 
3 
20 
29 

1.1390 24 
1.1516 23 
1.1584 29 
1.1597 29 
1.1653 24 
1.1711 23 
1.1779 29 
1.1937 24 
1.1973 23 
1.2006 29 
1.2292 29 
1.2424 24 
2.2713 23 
1.3351 24 
1.3493 
1.5507 

1.5325 20 

* 
1.1390 3 

0 10.25 
0 10.25 

4.44 10.22 
25 10.12 
25 10.06 
30 10.023 
30 

37.78 9.95 
40 9.94 
50 . 9.854 
50 9.80 
60 9.77 

71.11 9.67 
95 9.43 
100 9.365 
100 

----- 

_--_- 
104.44 9.32 
137.78 8.86 
150 8.694 
150 8.72 

171.11 8.40 
200 7.566 
200 7.64 

204.44 1.44 
237.78 5.86 
250 4.752 
250 4.90 
300 -17.79 

B 

13.2 
12.9 
13.2 
12.3 
12.9 
13.18 

13.2 
12.8 
13.16 
13.3 
12.8 
13.2 
13.2 
13.18 

13.2 
12.7 
13.27 
13.5 
13.0 
13.65 
13.9 
13.9 
14.5 
U.25 
13.5 
15.60 

----- 

----- 

I/ 3 

f r o m  IBM 7 
(V;) 

* 
1.1259 
1.1259 
1.1279 
1.1375 
1.1375 
1.1399 
1.1399 
1.1436 
1.1447 
1.1497 
1.1497 
1.1548 
1.1608 
1.1743 
1.1774 
1.1774 
1.1801 
1.2029 
1.2126 
1.2126 
1.2325 
1.2705 
1.2705 
1.2781 
1.3684 
1.4289 
1.4289 
2.7478 
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represents the values of B over the en- TABLE 8. 
tire range with an SPE of 2.5%. Prac- (7) 

for the two highest molecular-weight cs = 335 cia = -7.838779 c2 = cl1 . m + clz (8) 

In k = cg (; )liz + c, 
tically an this error occurs in the B's 

compounds. CE = -9.3000 cu = 0.000835 

c, = 0.02536 cs = 6.65397 

Ce =z 2.6720 
~7 = 9.911902 

cz = 0.52 
cu = 22.040 

The conformity of the data to lines 
representing Equations (6)  and (7) is 

The parameters of Equations (2) Cs = -0.0057157 c14 = -71.4% shown on Figure 6. It will be observed 
that the values of In (00,)  for molecu- 
lar weights below n-octane and above 
n-nonadecane are not well represented 
by Equation ( 6 ) .  Since time was not 

Parameters of Equations (2) and (3) 

and (3) that are molecular-weight de- 
pendent are do, k, and cz. The follow- 
ing equations express these relation- 
ships: 

In (0*,) = c, (A) + cs 

TABLE 7. (continued) 

(6)  

1/3 1/3 
Ref. t ,  O C  - A B (V;, Ref. t, oc A B (V;) 

C8, mp -56.8OOC; bp 125.66"C 

3 
20 
22 
20 
20 

3 
20 

3 
30 
30 
30 
30 

0 10.35 
0 10.40 

25 10.24 
25 10.23 
40 10.12 
50 10.01 
60 9.97 
95 9.58 

LOO 
150 9.00 
200 8.37 
250 6.84 

---- 

Values Calculated from Velocity 

0 10.33 
25 10.16 

33,17,18 40 10.05 
50 9.98 
60 9.90 

Cg,  mp -53.52"C; bp 150.8O"C. 

24 30 
31 37.78 
24 50 
24 100 
31 104.44 
24 150 
31 171.11 
24 200 
31 237.78 
24 2 50 
24 300 

10.238 

10.073 
9.677 
9.63 
9.152 
8.92 
8.486 
7.66 
7.32 
2.64 

----__ 

13.3 
12.9 
12.6 
12.8 
12.8 
13.1 
12.9 
13.6 

11.6 
11.1 
18.4 

---- 

of Sound 

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

13.24 

13.36 
13.26 
13.0 
13.50 
13.0 
13.64 
13.9 
14.0 
15.7 

----- 

from IBM 7 
Cl0, mp -29.66-C; bp 174.12"C. 

1.1162 
1.1162 
1.1269 
1.1269 
1.1336 
1.1382 

1.1210 
1.1243 
1.1295 
1.1524 
1.1546 
1.1790 
1.1919 
1.2125 
1.2497 
1.2666 
1.4098 

22 25 10.38 
32 37.78 ----_ 
32 104.44 ----- 
32 171.11 ----- 

Cll, mp -25.59'C; bp 195.89-C. 

24 50 10.160 
24 100 9.828 
24 150 9.408 
24 200 8.918 
24 250 8.062 
24 300 6.03 

12.50 ----- ----- ----- 

14.2 
14.0 
13.9 
13.6 
14.2 
15.7 

from IBM 7 

1.1125 
1.1176 
1.1463 
1.1803 

1.1169 
1.1376 
1.1606 
1.1874 
1.2220 
1.2811 

C13, mp -5.39'C; bp 235.44OC. 

24 30 10.405 14.97 1.1009 
24 50 10.254 14.97 1.1081 
24 100 9.947 14.14 1.1274 
24 150 9.593 13.74 1.1485 
24 200 9.13 13.7 1.1720 
24 250 8.A9 14.1 1.1999 
24 300 7.29 14.9 1.2375 

TABLE 7. (continued) 

Ref. t, "C A 

C17, mp 21.98OC; bp 301.82OC. 

24 50 10.42 
24 100 10.13 
24 150 9.77 
24 200 9.40 
24 250 8.94 
24 300 8.35 

Cz0, mp 36.8OC; bp 342.7"C 

24 50 10.482 
24 100 10.206 
24 150 9.869 
24 200 9.509 
20 250 9.109 
24 300 8.579 

C30, mp 65.8-C; bp 446.4"C. 

24 100 10.34 
24 150 10.05 
24 200 9.75 
24 250 9.41 
24 300 9.01 

B 

14.2 
13.8 
14.0 
13.9 
13.9 
13.9 

14.12 
14.12 
14.12 
14.12 
14.12 
14.12 

15.8 
13.2 
13.3 
13.2 
13.2 

L'3 1/ 3 
(V;) Ref. t, 'C A B (V;) 
from IBM 7 from IBM 7 

C40, mp 81.5"C; bp 520°C. * 
1.0966 24 150 10.12 13.9 1.1044 

1.1330 24 250 9.57 13.3 1.1374 
1.1537 24 300 9.19 13.4 1.1559 
1.1763 
1.2022 

1.1140 24 200 9.86 13.5 1.1202 

* 
1.0914 
1.1079 
1.1258 
1.1452 
1.1665 
1.1896 

* 
1.0959 
1.1117 
1.1288 
1.1474 
1.1674 

* IBM Run 7 (v;)''~ values corrected by using observed In (vz) values instead of those calculated from Equation (6). 
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TABLE 9. MACHINE CALCULATION OF 
Co~pmxss~o~s, IBM RUN 9 

t. *C 30 50 100 150 200 250 300 

C7' mP 
P, bars 

0 
50 

100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

-90.61'C; bp 98.43.C; T, 

1.0000 
.9927 
.9860 
.9740 
.9635 
.9455 
.9119 
.8874 
.a679 
.a380 
-7969 

540.2.K. 

1.0000 
.99 14 
.9836 
,9698 
.9579 
.9381 
,9018 
.87 59 
.a555 
.a246 
.7827 

SPE, X 0.019 0.008 
Range. bars 0-3000 0-3000 

Cg, mp -53.52.C; bp 150.80"C; Tc 595.K. 
P, bars 

0 
50 

100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

1.0000 
.9940 
.9884 
.9783 
.9692 
.9534 
.9230 
.9003 
.a820 
.a536 
.a140 

I. 0000 
.9931 
-9867 
.97 53 
.9651 
.9479 
.9153. 
.a913 
.a723 
.a429 
.a025 

1.0000 
.9859 
.9739 
.9540 
.9378 
.9122 
.a688 
.a393 
.a170 
.7839 
.7603 

0.035 
0- 3000 

1.0000 
.9897 
.9805 
.9647 
.9514 
.9296 
.a909 
.a637 
.a428 
.a112 
.7689 

1.0000 
.9738 
.9540 
.9244 
.go23 
.a698 
.a189 
.7863 
.7624 
.7278 
.6834 

0.193 
0-3000 

1.0000 
.9832 
.9693 
.9468 
.9290 
.go16 
.a561 
.a259 
.a032 
.7698 
.7268 

1.0000 
.9M2 
-9059 
-8623 
.a333 
.7940 
.7374 
.7033 
.6788 
.6444 
. a 1 3  

0.457 
0-3000 

1.0000 
.9690 
.9465 
.9141 
.a905 
.a566 
.a044 
.7716 
.7475 
.7131 
.6690 

SPE,X 0.113 0.031 0.036 0.065 0.262 
Range, bars 0-3000 0-3000 0-3000 0-3000 0-3000 

TABLE 9. (continued) 

t, O C  50 100 150 200 250 300 
Cll,  mp -25.59.C; bp 195.89-C; T, 64O'K. 

P, bars 

0 
50 
100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

1.0000 
.9940 
.9883 
.9781 
.9690 
.9532 
.9228 
.goo1 
.8818 
.a535 
.a141 

1.0000 
.9914 
.9836 
.9699 
.9581 
.9385 
.9026 
.a770 
.a570 
.a265 
.7852 

SF'E, x 0.065 0.020 
Range, bars 0-3000 0-3000 

C13, mp -5.39.C; bp 235.44'C; Tc 677'K. 

P, Bars 

0 
50 

100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

1.0000 
.9951 
.9893 
.9799 
.9714 
.9565 
.9276 
.go58 
.a881 ---- ---- 

SPE, X 0.057 
Range, bars 0-2000 

avaiIabIe to make further refinements, 
a run was made on the IBM computer 
(run 7)  in which Equation (6)  was 
used only for n-alkanes n-heptane to 
n-eicosane. Observed values of oo. were 
used for n-alkanes below and above 
these limits. Equation ( 7 )  was satis- 
factory for defining k over the entire 
range. IBM run 7 duplicated the Spe- 
cific volumes of the n-alkanes n-pentane 
to n-tetracontane over the range from 
the melting point to within a few 

1.0000 
.9924 
.9854 
.9730 
.9622 
.9439 
.9101 
.8855 
.a661 
.a364 
.7958 

1.0000 
.9869 
.9756 
.9568 
.9414 
.9169 
.a749 
.a463 
.I3246 
.7922 
.7494 

0.063 
0-3000 

1.0000 
.9889 
.9791 
.9 624 
.9485 
.9260 

.a590 

.a380 

.a064 

.7 642 

.a864 

1.0000 
.9781 
.9609 
.9345 
.9142 
.a840 
.a356 
.8042 
.7809 
.7471 
.7034 

0.367 
0-3000 

1.0000 
.9825 
.9681 
.9452 
.9271 
.a994 
.a538 
.a237 
.8011 
.7679 
.7 246 

0.045 0.090 0.108 
0-3000 0-3000 0-3000 

degrees of the normal boiling point 
with an SPE of 0.05%. Values of 
(u"~)~'' from IBM run 7 are listed in 
Table 7 for the various temperatures of 
interest. 

Parameters of Equation (4) 
The only molecular-weight-depend- 

ent parameter of Equation (4 )  is c4, 
which is a number nearly but not ex- 
actly equal to the critical temperature. 
Its dependence on molecular weight is 

A.1.Ch.E. Journal 

I. 0000 
.9694 
.9473 
.9153 
.a921 
-8585 
.a069 
.7743 
.7505 
.7163 
.6727 

0.391 
0-3000 

given by 

c, = 10' (c,ln m + C,4)1'P (9) 

Equations (4)  and (9) represent the 
observed A's with an SPE of 0.16% 
The constarits involved in all the equa 
tions discussed above are given in 
Table 8. 

OVER-ALL EVALUATION 

The Hudleston equation, Equation 
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TABLE 9. (continued) 

50 100 150 200 250 300 
f, -c 

C17, mp 21.98"C; bp 301.82'C; T, 735°K. 
P, bars 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

100 .9905 .9875 .9828 .9754 .9624 .9373 
200 .9820 .9766 -9686 .9564 .9367 .g009 

1000 .9336 .9191 .goo1 .a747 .a398 .7940 

50 .9951 .9935 .9910 .9867 .9790 .9649 

300 .9743 .9670 .9565 .9410 .9170 -8767 
500 .9606 .9504 .9364 .9165 .a874 .a436 

1500 ---- .a959 .a742 .a462 .a089 .7627 
2000 ---- .a774 .8542 .a246 .7859 -7372 
3000 ---- .a488 .a237 .7925 .7525 .6992 
5000 ---- .a093 .7825 .7500 .7091 .6567 

SPE, 7. 0.096 0.047 0.038 0.046 0.313 0.675 
Range, bars 0-1000 0-3000 0-3000 0-3000 0-3000 0-3000 

CZ0. mP 
P, bars 

0 
50 

100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

36.8OC; bp 342.7-C; Tc 775OK. 

1.0000 
.9918 
.9844 
.97 13 
.9600 
.9411 
.go63 
.8813 
.8618 
.8319 
.7913 

0.053 
0-2000 

1.0000 
.9884 
.9782 
.9611 
.9468 
.9239 
.a840 
.a565 
.a354 
.a038 
.7618 

0.091 
0-3000 

1.0000 
.9824 
.9680 
.9450 
.9270 
.a993 
.a540 
.8240 
.a015 
.7686 
.7256 

0.198 
0- 3000 

1.0000 
.9709 
.9496 
.9186 
.a959 
.a630 
.a121 
.7800 
.7564 
.7225 
.6791 

0.483 
0-3000 

1.0000 
-9954 
.9911 
.9830 
.9756 
.9626 ---- ---- 

1.0000 
.9940 
.9884 
.9782 
.9691 
.9534 
.9233 
.goo8 
.a828 
.a548 
.8  158 

SPE, Z 0.060 0.156 
Range, bars 0-500 0- 3000 

TABLE 9. (continued) 

t ,  "C 100 150 200 250 300 
C30, mp 65.8"C; bp 446.4"C 

P, bars 

0 
50 

100 
200 
300 
500 

1000 
1500 
2000 
3000 
5000 

SPE, Z 
Range, bars 

1.0000 1 
.9949 
.9900 
.9811 
.9731 
.9590 _- ._ 
---- 
---- _- - -  

L.0000 
.9933 
.9872 
.9761 
.9663 

1.0000 
.9910 
.9830 
.9689 
,9568 
.9369 
.9008 
.8752 

1.0000 
.9874 
.9765 
.9583 
.9434 
.9196 
.a787 

,8295 
.7978 
.7558 

.a508 

0.321 
0-1000 

1.0000 
.9813 
.9661 
.9422 
.9237 
.a954 
.a495 
.a193 

.9495 

.9179 

.a553 

.a251 

.7843 

0.311 
0-1000 

.7968 

.7210 

.7 638 

0.256 
0-1000 

0.039 
0-500 

0.205 
0-1000 

C40. mp 815-C; bp 520°C 

P, bars 

0 1.0000 
50 -9940 

100 .9885 
200 .9783 
300 .9693 
500 .9537 

1000 .9238 
1500 .9015 
2000 .a836 
3000 .8558 
SO00 .a171 

SPE, % 0.479 
Range, bars 0-3000* 
*NOTE:- SGpie hd-not fFeege &d;r ?OOs bars. 
- 

1.0000 
-9922 
.9851 
.9725 
.9615 
.9431 
.9092 
.a847 
.a655 
.a361 
.7959 

0.605 
0-3000 

-PresLmai;ly 

1.0000 
.9894 
.9801 
.9641 
.9507 
.9290 
.a906 
.a639 
.a434 
.a125 
.7711 

0.664 
0-3000 

-because of %p&iFy of i 

1.0000 
.9850 
.9724 
.9519 
.9355 
.g098 
.a667 
.8378 
.a160 
.7838 
.7414 

0.869 
0-3000 

.4z. - - - 
(1) with auxiliary Equations (2) to 
(4), defines completely the PUT rela- 
tions of liquids over its range of valid- 
ity. By further relating all parameters 
to the molecular weight of the n-alkanes 
in Equations (5) to (9) ,  one can make 
a general calculation giving the com- 
pressions of any of the n-alkanes at any 
temperature and pressure, in which the 
only independent variable is molecular 
weight. Such a calculation, which 

evaluates the combined accuracy of all 
the empirical equations, was made 
(IBM run 9).  The compressions were 
computed for all compounds studied 
at all temperatures of interest and at 
the following even pressures: 0, 50, 
100,200, 300, 500, 1,000, 1,500 2,000, 
3,000, and 5,000 bars. At the same 
time the compressions were likewise 
listed at 0, 116.1, 214.2, 312.3, 508.5, 
1,015, 1,577, 2,089, and 3,011 bars so 

that the experimental values might be 
compared with the machine calcula- 
tions. The even-pressure values for 
n-alkanes 7 to 40 carbons are presented 
in Table 9, and the fit of the Simon and 
Cornish data to the equation over the 
indicated pressure ranges is shown for 
each compound. 

This comparison indicates that over 
a pressure range of 0 to 3,000 bars the 
over-all SPE of the computed values 
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for n-alkanes of 7 to 20 carbons at  all Cargde contributed materially to the pro- 
temperatures from 30°C. to somewhat gress of the work by programing the 
below the normal boiling temperature calculations that were run on the IBM 
is 0.10%. The over-all SPE for the en- computers. The financial support of this 

entKe project by Union Carbide Chemicals 
tire range Of weights and Company over a period of four years is 
pressures and Over a range Of tempera- gratefully acknowledged. This support 

extending above the included contracts with Ohio State Re- Reu. Sci. lmtr., 28, 828 (1957). 
norma1 Point (but not exceed- search Foundation for synthesizing n- 
ing 300°C.) is 0.21%. alkanes triacontane and tetracontane and 

At temperatures considerably above with Arthur D. Little, Inc., for measuring 
the normal boiling temperatures for all volume under pressure, and the mainte- 
compounds, and for n-triacontane and name of a computing team at the Re- 
n-tetracontane a t  dl temperatures, the search Laboratory of Union Carbide 10. Doolittle, A. K., Ivan Simon, and R. 
agreement of the calculated with the to Process the data. K. Cornish, Paper I of this series. 
observed values is not so good as 11. Doolittle, A. K., and R. H. Peterson, 

J .  Am. Chem. SOC., 73, 2145 (1951). 
12. Rossini, F. D., et al., “Selected Values 

elsewhere. The discrepancies at  these 
extremes of temperature and molecular 
weight are due principalry to slight dis- erties of Hydrocarbons and Related agreement between the calculated and Compounds,” API Research Project 44, 
observed values of the Hudleston pa- a = ‘Onstant Carnegie Press, Pittsburgh ( 1953). 
ameters A and B at the upper limits 13. Glasgow, A. R., Jr., A. J. Strieff, and 
of these ranges. F. D. Rossini, J .  Research Natl. Bur. 

The relatively poor agreement of Standards, 35, 355 (1945). 
n-tetracontane may be due in part to 14. Bett, K. E., K. E. Weale, and D. M. 
the lower of this Brit. J .  Appl. Phys., 5, 243 

15. Hudleston, L. J., Trans. Faraday SOC., 
pared with the other compounds (8). 

33, 97 ( 1937). The observed Hudleston A’s for n-tetra- = constant 
contane (Table 6) are somewhat less 16. Freyer, E. B., J. C. Hubbard, and 
than those calculated from Equation D. H. Andrews, J .  Am. Chem. SOC., 

51, 759 (1929). (4), whereas those for n-triacontane - cn m + cu 
are well represented by the calculation. cs = ‘Onstant 17. Rao, M. R., J .  Chem. Phys., 9, 682 
With both these compounds the ob- ( 1941). 

18. Osbome, N. S., and D. C. Ginnings, served Hudleston B’s are less than 
J .  Research Natl. Bur. Standards, 39, 
453 ( 1947). 

those for the preceding members of 
the series and are therefore not pro- 
PerlY represented by Equation ( 5 ) .  

SUMMARY 

sure.” 2 ed., p. 126, G. Bell, London, 
England (1949). 

4. Adams, L. H., and R. E. Gibson, J .  
Am. Chem. SOC., 53, 3769 (1931). 

5. Michels, A., Proc. Roy. SOC. (London), 
A160,358 ( 1937). 

6. Reitzel, J., I. Simon, and J. A. Walker, 

7. Bridgman, P. W., Proc. Am. Acad. 

8 .  Doolittle, A. K., and D. B. Doolittle, 

9. - , Paper 111 of this series. 

Arts Sci., 77, 214 (1949). 

Paper 11 of this series. 

NOTATION 

A = Hudleston intercept for sample of and Thermodynamic 
weight of 1 g. 

= Hudleston slope for sample 

C1 = Hudleston intercept for any 

G = Hudleston slope for any sample 

cz = molecular - weight-dependent 

weight of 1 g. 

sample weight 

weight ( 1954). 

- constant in Equation (3)  

c4 = molecular - weight - dependent 
constant in Equation (4), nearly 
but not exactly equal to h e  
critical temperature 

19. Reference 3, p. 129. 
20. Eduljee, H. E., D M. Newitt, and 

K. E. Weale, J .  Chem. SOC. (London), 
3086 ( 1951 

21. Nichols, W. B., H. H. Reamer, and 
B. H. Sage, lnd.  Eng. Chem., 47, 
2219 (1955). 

22. Bridgman, P. W., PTOC. Am. Acad. 
Arts Sci., 77, 117 ( 1949). 

23. Smith, L. B., J. A. Beattie, and W. C. 
Kay, J .  Am. Chem. Soc., 59, 1587 

24. Calculated from data of Simon and 

25. Doobttle, A. K., J .  AppE. Phys., 22, 

26* Sage7 B. H’7 and w‘ N’ Lacey’ In’. 

= lo“ (c ,  In m + CJ 

c5 to clr = numerical constants 
k = molecular - weight - dependent 

constant in Equation (2) 

exp [ cs (A) I“ + clo] 
= 1. Equation (1) with one physical 

constant voT and two arbitrary con- 
stants A and B defines completely the 
Pv relations of a single liquid at a 
single temperature (substantially below TC = absolute critical 
the critical temperature), OK. (1937). 

2. Equations (l), (2), and (4) with 
one extrapolated physical constant v0. Cornish in reference 8. 
and four arbitrary constants k, B, c,, c4 
define completely the PUT relations of 1471 (1951). 
a single liquid n-alkane at an tempera- 

Eng. Chem., 34, 730 ( 1942). tures substantially below the normal 
27. Stewart, D. E., B. H. Sage, and W. N. boiling temperature. Lacey, ibid., 46, 2529 ( 1954). 3. Equations ( l ) ,  (2),  (3), and (4) 28. Keko, E. A., and W. A. Felsing, J .  

with two physical constants vo, and To Am. Chem. SOC., 62, 3132 (1940). 
and six arbitrary constants k, B, cl, c2, 29. Nichols, W. B., H. H. Reamer, and 

B. H. Sage, Ind. Eng. Chem., 47, 2219 c3, c, define completeIy the PUT rela- 
tions of a single liquid n-alkane up to Y = variable in Equation ( 2 )  ( 1955). 

30. Felsing, W. A., and G. M. Watson, J .  temperatures substantially above the = k ( T  + A )  
Am. Chem. SOC., 64, 1822 (1942). z = variable in Equation ( 2 )  normal boiling temperature. 31. Carmichael, L. T., B. H. Sage, and 4. The PUT relations of the family = (exp y ) - 1  W. N. Lacey, lnd. Eng. Chem., 45, 

of liquid n-alkanes from 7 to 40 car- A = variable in Equation (2) 2697 (1953). 
bons may be completely defined by = [exp cl (T - cJ’,)] - 1 32. Sage, B. H., and W. N. Lacey, 
nine equations involving one physical P = liquid density ‘‘Thennodynamic Properties of Hydro- 

carbons,” p. 83, API ( 1950). constant To and twelve arbitrary con- 
33. Freyer, E. B., J. C. Hubbard, and stants up to temperatures substantially 

13. H. Andrews, J .  Am. Chem. Soc., above the normal boiling temperature. 
51,759 ( 1929). 

34. Doolittle, A. K., and D. B. Doolittle, 
J .  Appl. Phys., 28, 901 (1957). ACKNOWLEDGMENT 

p = external pressme, bars 
= absolute temperabe, O K .  

UOZ’T = volume Of sample at tempera- 
ture T and pressure P 

U o P T  = zero-pressure volume of Sam- 
ple at temperature T 

U’T = Specific volume Of sample a t  
temperature T and pressure P 

uoT = zero-pressure specific volume of 
sample at temperature T 

0’0 = limiting specific volume at zero 
pressure and zero temperature 
(See reference 34.) 
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