Generalized Correlation of Saturated Liquid Densities
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The Guggenheim equation is used to represent saturated
liquid densities of 23 nonpolar and slightly polar
compounds in the reduced temperature range from 0.2 to
1.0. The scaling volume is used in the calculation instead
of the critical volume. The two parameters of the
equation are generalized linearly in terms of the acentric
tactor. The average deviation of the calculated densities
and literature values for a total of 595 data points tested
is 0.27%. The proposed correlation provides an accurate
and simple means of predicting the temperature etfect on
saturated liquid densities.

Numerous methods have been proposed in the litera-
ture for correlating and predicting density data for pure
liquids at saturation states. in a recent paper, Spencer
and Danner (78) evaluated 13 relatively new correlations,
covering the period from 1954 to 1971, for predicting the
effect of temperature on saturation liquid density and
suggested that the correlations given by Yen and Woods
(27), Gunn and Yamada (6), Harlacher (7), and Francis

(4) are all excellent, and that the method of Gunn and’

Yamada is superior to any of the other corresponding
states approaches. The reduced temperature range cov-
ered by the method of Gunn and Yamada extends from
0.2t01.0.

The purpose of this investigation is to develop a gener-
alized but simpler correlation over the same reduced
temperature range.

Guggenheim Equation

After reviewing a number of equations in the literature,
Martin (72) suggested the following equation in 1959 for
correlating saturated liquid densities

P =ot=1+A01- A+ B(1 = T2 +
C1=Tr) +D(1 = TN*3 (1)

The equation holds up to the critical temperature and has
been employed subsequently by Yen and Woods (27) in
1966 without the use of the fourth term on the right hand
of Equation 1. These authors fitted literature data for 62

pure components with an average deviation of less than -

0.3%.

Guggenheim (5) in 1945 suggested a simpler empirical
formula for representing saturated liquid argon. It is of
the following form:

Prs =1+ a1 =T +B(1 =73 (2)

where o = 3/4and 8 = 7/4.

In this investigation, Equation 2 is used for repre-
senting saturated liquid densities for nonpolar and slightly
polar compounds, but with the quantities a and 8 treated
as two adjustable parameters. In addition, it is intended
to correiate these two parameters in terms of the three-
parameter corresponding states formulation of Curl and
Pitzer (7) and Pitzer et al. (74).

! To whom correspondence should be addressed.

The Correlation

Saturated liquid densities of 23 pure nonpolar and
slightly polar compounds have been correlated by means
of Equation 2. The total number of points included in the
correlation is 595. By use of the approach of Gunn and
Yamada, the scaling volume Vg, or the scaling density
(psc = 1/Vsc) is used in Equation 2, rather than the criti-
cal volume, in the calculation of the reduced saturated
density. The scaling volume as defined by Gunn and
Yamada is given by the following relationship:

_ Vo.s
~ 0.3862 — 0.0866 w

The quantity Vo g is the molar volume of the liquid evalu-
ated at a reduced temperature of 0.6. The scaling densi-
ties, together with the critical temperatures and the acen-
tric factors of the 23 compounds tested, are listed in
Table |. The critical densities of these compounds are
also listed for the purpose of comparison.

The parameters a and 3 of the 23 compounds are de-
termined by a least-squares method. Values of these pa-
rameters are also listed in Table | and are further corre-
lated in the following forms linear in the acentric factor:

Vsc

a =0.73098 + 0.28908 w (3)
and
8 =1.75238 + 0.74293 w (4)

These equations were obtained by a weighted ieast-
squares technique. The weighting coefficient W; for com-
pound / was assigned as follows:

_ NDP);
Wi =3 NDP)i/NC (9
where (NDP); is the number of data points for compound
i, and NC is the number of compounds in the correlation.

Results and Conclusions

Equation 2 gives a satisfactory fit for all 23 com-
pounds. The maximum and average deviations, with the
o and (3 values of Table | used in the evaluation, are list-
ed in Table 1. The average deviation between the caicu-
lated and the literature density values is only 0.15%. With
the direct use of critical density in Equation 2 instead of
the scaling density, the average deviation would be
slightly increased to 0.18 from 0.15%. These small devia-
tions indicate the suitability of Equation 2 for representing
the data.

The generalized correlation (Equations 3 and 4) also
gives satisfactory results for the 23 compounds tested.
The maximum and average deviations obtained are listed
in Table Il. For the same 595 points, the average devia-
tion is 0.27%. (Should the generalized correlation be ob-
tained through the direct use of critical density, the aver-
age deviation would be increased from 0.27 to 0.74%.)
Average deviations for each compound are generally less
than 0.5% with the exception of ethane (0.68%). For
most of the pure liquids, the maximum deviation is less
than 0.9%, whereas those greater than 1% generally
occur in the vicinity of the critical point; this is probably
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due to the experimental difficulty encountered in this re-
gion. Should the required scaling density be unavailable,
the direct use of critical density in the proposed correla-
tion would slightly increase the average deviation for the
same data points from 0.27 t0 0.75%.

A deviation plot is shown in Figure 1 for nine com-
pounds which were chosen because the data spanned a

wide range of reduced temperature, or because the devia-
tions were unusually large. For comparison the method
of Gunn and Yamada was tested by using the same data
points. The results are presented in Table Il. The pro-
posed correlation provides an accurate and simple
means of predicting the temperature effect on the
saturated liquid densities.

Table I, Acentric Factors, Critical Temperatures, Critical Densities, Scaling Densities, and Values of « and 3 for 23 Compounds

Scaling (6)
Acentric Critical density, density,

Compound factor Critical temp, °C g/cm? g/em? a 8
Argon 0.0 (11) ~122.29 (13) 0.5312 (13) 0.5308 0.80250 1.72966
Methane 0.013 (15) —82.61 (2) 0.1620 (2) 0.1619 0.65061 1.79446
Nitrogen 0.04 (3) —146.96 (2) 0.3110 (2) 0.3125 0.72228 1.78697
Carbon monoxide 0.041 (15) —140.23 (10) 0.301 (10) 0.3052 0.82584 1.74587
Ethylene 0.089 (11) 9.20 (10) 0.217 (10) 0.21512 0.76346 1.81615
Ethrane 0.105 (15) 32.34(2) 0.2122 (2) 0.20678 0.73069 1.82885
Propane 0.152 (15) 96.81 (17) 0.220 (17) 0.22072 0.77719 1.86696
Cyclohexane 0.186 (3) 280.2 (19) 0.2718 (19) 0.27327 0.84002 1.86791
Isobutane 0.192 (15) 134.98 (10) 0.221 (10) 0.22641 0.98727 1.83657
Benzene 0.215 (3) 288.94 (10) 0.302 (10) 0.30570 0.82341 1.89319
Carbon dioxide 0.225 (3) 31.04 (10) 0.4679 (10) 0.4704 0.95331 1.86488
2,3-Dimethylbutane 0.246 (11) 227.35 (22) 0.2411 (22) 0.23914 0.71801 1.97568
Bromobenzene 0.25 (11) 397.0 (22) 0.4853 (22) 0.45052 0.78678 1.94146
n-Pentane 0.252 (3) 196.5 (9) 0.232 (9) 0.23202 0.76901 1.95881
Chlorobenzene 0.252 (11) 359.2 (22) 0.3654 (22) 0.36883 0.79514 1.94027
Toluene 0.252 (15) 319.9 (19) 0.2913 (19) 0.29375 0.86622 1.90100
2,2,3-Trimethylbutane 0.256 (11) 257.96 (10) 0.252 (10) 0.24329 0.72502 1.97691
Ethyl ether 0.276 (11) 193.55 (10) 0.265 (10) 0.26365 0.82131 1.95285
n-Hexane 0.29 (15) 234.8 (22) 0.2344 (22) 0.23387 0.77083 1.99124
O-xylene 0.30 (15) 359.0 (17) 0.280 (17) 0.29034 0.78244 1.98440
Ethylbenzene 0.342 (11) 343.94 (10) 0.284 (10) 0.28422 0.93385 1.93982
n-Heptane 0.352 (15) 267.0 (10) 0.232 (10) 0.23343 0.81240 2.02994
n-Octane 0.393(11) 295.61 (10) 0.232 (10) 0.23300 0.79719 2.07290

Table i1. Deviations of Calculated Saturated Liquid Densities from Literature Values
Absolute % deviation
Data Individual, Eq 2 Generalized Gunn and Yamada
Compound points Temp range, °C Av Max Av Max Av Max Ref.

Argon 36 ~189 to —128 0.23 0.83 0.30 1.07s 0.46 0.95 2,13
Methane 60 —180 to —83 0.08 0.59 0.46 0.66 0.59 2.54¢ 8,16, 20
Nitrogen 15 --210 to —149 0.22 0.96 0.23 1.01s 0.47 1,89« 2
Carbon monoxide 24 —205 to —147 0.21 0.90 0.27 0.78 0.40 0.97 2
Ethylene 14 —145t0 7 0.17 1.27 0.18 1.22¢ 0.43 2.59e 19
Ethane 9 —184 to —140 0.01 0.03 0.68 0.72 0.79 0.91 8
Propane 40 —190 to 94 0.18 0.50 0.20 0.87 0.19 0.62 2,17
Cyclohexane 12 15 to 99 0.11 0.63 0.30 0.42 0.45 0.59 19
Isobutane 5 30 to 125 0.20 0.27 0.45 0.71 0.44 0.65 19
Benzene 30 0 to 284 0.17 0.82 0.23 1.12 0.25 0.83 22
Carbon dioxide 19 —57 t0 30 0.24 1,83 0.42 2.47a 0.36 1,434 2
2,3-Dimethylbutane 26 0 to 225 0.11 0.26 0.35 0.71e 0.37 1,53 22
Bromobenzene 28 0 to 370 0.07 0.18 0.15 0.28 0.09 0.47 22
n-Pentane 52 —137 to 195 0.23 2.33 0.29 2.48e 0.30 3.274 17,19, 22
Chlorobenzene 35 —45 to 329 0.13 0.37 0.16 0.32 0.10 0.24 19, 22
Toluene 8 —23 to 100 0.04 0.08 0.07 0.20 0.18 0.20 19
2,2,3-Trimethylbutane 7 —10 to 50 0.03 0.06 0.33 0.41 0.11 0.19 17

* Ethyl ether 42 —123 to 192 0.16 1.06 0.15 1.00s 0.13 1.61e 19, 22
n-Hexane 23 0 to 220 0.06 0.37 0.17 0.34 0.20 0.53 22
O-xylene 12 0 to 110 0.03 0.06 0.33 0.38 0.17 0.38 17
Ethylbenzene 28 —90 to 126 0.13 0.31 0.21 0.67 0.08 0.18 17,19
n-Heptane 40 —90 to 265 0.21 0.56 0.23 0.67 0.22 0.90 17, 22
n-Octane 30 0to 290 0.12 0.64 0.23 0.60 0.27 0.87 22
Total 595 Grand av 0.15 0.27 0.30

e Maximum deviation occurred in the vicinity of the critical
point.
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Figure 1. Plot of deviations between calculated densities and literature values for nine compounds as function of reduced temperature

Nomenclature

A B C,D parameters, Equation 1
a, B = adjustable parameters, Equations 2-4

p = density

w = acentric factor

T = absolute temperature

V = volume

W = weighting coefficient
Subscripts

i = component identification

r = reduced property

rs = reduced saturation density
sc = scaling property
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