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PRELIMINARY STEAM TABLES FOR NaCl SOLUTIONS.

THE VOLUMETRIC PROPERTIES OF
AQUEOUS SODIUM CHLORIDE SOLUTIONS

FROM 0° TO 500°C AT PRESSURES UP TO
2000 BARS BASED ON A REGRESSION OF

AVAILABLE DATA IN THE
LITERATURE

By ROBERT W. POTTER n and DAVID L. BROWN

ABSTRACT

The volumetric properties of aqueous sodium chloride solutions from 0° to 500°C at 
pressures up to 2000 bars for concentrations ranging from infinite dilution to as high as 
8.0 molal have been obtained by a computer regression of the available experimental 
data from the literature. The regression was done using (1) the simplest forms of 
equations capable of describing the experimental data, (2) unsmoothed data where 
possible, and (3) a least-squares regression technique in which the individual data 
points were weighted with respect to their relative uncertainty. By following this 
procedure, a set of internally consistent data was generated. The results are presented 
in 27 tables of density data at various concentrations, temperatures, and pressures. 
Two tables of empirical constants capable of generating the tables of density values as 
well as interpolating the tabulated values are also given.

INTRODUCTION

Pressure-volume-temperature-composition (P-V-T-X) data for 
brines are required to establish optimum operating temperatures, 
pressures, and flow rates for the production of geothermal brine 
fields, to minimize scaling and corrosion, and to design intelligently 
turbines for production of electricity. One of the prerequisites for 
successful chemical modeling of geothermal brine systems, as well as 
reservoir modeling, is thermodynamic data derived from the vol 
umetric properties of brines, for example, partial and apparent molal 
volumes. In view of the critical importance of P-V-T-X data to the 
utilization and understanding of geothermal brine systems, a compi 
lation of the available data from the literature and a critical evalua 
tion of these data are required. The compilation of the available data 
from the literature has been completed (Potter and others, 1975), and 
this chapter presents a critical evaluation of the volumetric data for 
aqueous sodium chloride solutions.

Cl
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The volumetric properties of aqueous sodium chloride solutions 
have been the focus of experimental investigation since 1854. The 
experimental data prior to 1928, from a total of 103 published refer 
ences, have been collected, critically evaluated, and published as 
smoothed values in the International Critical Tables (National 
Research Council, 1928). The data published since 1928 have been 
collected and summarized by Potter, Shaw, and Haas (1975). The 119 
references covered by them produced a total of 2,453 volumetric meas 
urements as well as 802 smoothed densities. These data and the data 
presented in the International Critical Tables served as the data base 
used in this critical evaluation of the volumetric properties of aque 
ous sodium chloride solutions.

Prior to the present evaluation, the only fairly extensive tabula 
tions of smoothed volumetric data for aqueous, vapor-saturated 
sodium chloride solutions were: International Critical Tables 
(National Research Council, 1928) for 0.5-26 weight percent solu 
tions from 0°-100°C; Fabuss and Korosi (1968) for 0.1-3.5 molal (also 
given in weight percent and molarity) solutions from 20°-150°C (ta 
bles also in °F); and Haas (1970) for 0-8.0 molal solutions from 75°- 
325°C. There are no critical compilations of smoothed data available 
for solutions at pressures greater than the saturation vapor pressure 
(Potter, 1976). The limited range of critically evaluated numbers is 
further evidence of a need for a critical evaluation of all the data over 
the whole P-V-T-X space if it is available, despite the fact that ex 
perimental data summarized by Potter, Shaw, and Haas (1975) are 
for solutions from 10^-15.8 molal over the temperature range 0°- 
770°C at pressures up to 12000 bars.

DATA REGRESSION METHODS

The intent of this critical evaluation of aqueous sodium chloride 
solutions is to produce a set of internally consistent densities that 
describes the available volumetric data without introducing any 
theoretical bias. Hence only the raw experimental values were used 
in the regression of the volumetric properties, except for the pre-1928 
data. Since many of these data are unavailable, the smoothed data 
from the International Critical Tables (National Research Council, 
1928) were used in their place. These data were converted to a com 
mon system of units and were then fit to the simplest form of an 
equation that would adequately describe the experimental data. A 
minimum amount of data points were rejected using statistical cri 
terion, and the data were then refit to an equation of the same form. 
The equations that were finally derived in this fashion were used to 
generate the smoothed density values.

The experimental data for the volumetric properties of aqueous
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sodium chloride solutions are reported in the literature in every unit 
imaginable, from densities in ft3/lb-mol to pressure in amagats. 
Hence all the volumetric property data had to be converted to a com 
mon system of units before they could be evaluated. The system of 
units used was bars,°C, g/cm3 , and molality for the pressure, tempera 
ture, density, and composition, respectively. All these units at the 
present time are acceptable , SI units (Page and Vigoureux, 1972).

A less tractable problem was that of converting the data to a com 
mon reference base for the volumetric properties of pure water. Most 
workers used water either directly or indirectly as a standard for 
their volumetric measurements, and hence their reported values de 
pend on the set of volumetric data for pure water that the inves 
tigator chose to employ. Wherever possible, the volumetric data for 
aqueous sodium chloride solutions used in the regression were cor 
rected to the reference base for pure water of Kell and Whalley (1965) 
below 150°C and Keenan, Keyes, Hill, and Moore (1969) at higher 
temperatures.

Each datum of the data base was evaluated as to its relative uncer 
tainty. In general, the uncertainty was taken to be the precision as 
stated by the original investigator. However, in those cases where no 
precision or estimate of uncertainty was stated, an estimated value 
for the uncertainty was supplied. The precision was estimated as one 
in the last decimal place of the reported data or on the basis of the 
precision that could be expected from the method employed under 
normal conditions. The estimate that yielded the largest uncertainty 
was the estimate used to weight the data for the regression.

After several trial fittings of the density as a function of composi 
tion at constant temperature and pressure, the following equations 
were found to be the simplest equations that could most precisely 
describe the experimental data:

, 20
d ~ innn^/i    TTB    o/2 7 . n    TT (T, P constant) (1) 

1000+A0raa0 +B0 m3/2d0 +C0m 2a0
and

d=Ai+fiim1/2+C 1 m (T, P constant) (2)

where d is the density of the aqueous sodium chloride solution, d0 is 
the density of pure water at the temperature and pressure of consid 
eration; ra is the molality; M2 is the molecular weight of sodium 
chloride; andA0 , A 1 ,B0 ,B 1> C,0 , andCj are empirical constants. Equa 
tion (1) was required to be able to fit the highly precise data, that is, 
±10'6 -±10'4 g/cm3 , which were available below 100°C. At higher 
temperatures where most of the data had a precision of ±0.001-
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±0.005 g/cm3 , equation (2) proved adequate to describe the experi 
mental data. The density as a function of temperature at constant 
composition and pressure was found to be adequately described by an 
equation of the following form:

d=A+BT+CT2 (Composition, P constant) (3)

where A, B, and C are empirical constants.
The smoothed densities were obtained from a computer regression 

of the P-V-T-X data base previously described. The regression of 
these data was accomplished by using a least-squares method in 
which the individual data points were weighted with respect to their 
relative uncertainty (Meyer, 1975). The experimental data were first 
regressed at constant temperature and pressure as a function of com 
position, then the resulting smoothed densities were regressed as a 
function of temperature at constant composition and pressure. After 
the initial fit as a function of composition, the experimental data were 
evaluated via Chauvenet's criterion and the inappropriate data were 
rejected. The remaining data were then refit to either equation (1) or 
(2) depending on the temperature, and the subsequent smoothed val 
ues were used in the final regression. This was the only stage in the 
regression at which data were rejected.

RESULTS

Table 1 summarizes the densities for the vapor-saturated aqueous 
sodium chloride solutions from 0°-500°C for various concentrations 
expressed as molality. The densities for vapor-saturated aqueous 
sodium chloride solutions with concentration expressed in weight 
percent (table 2) were derived by interpolating the expressions for 
density as a function of the molality. The densities for various 
molalities, 0.5-6.0 molal in 0.5 molal steps, at pressures greater than 
the saturation vapor pressure up to 2000 bars from 25°-500°C are 
summarized in tables 3-14; the densities for various sodium chloride 
solutions with concentration expressed in weight percent, 1-25 
weight percent in 2 weight percent increments, for the same pressure 
and temperature range are summarized in tables 15-27. The regres 
sion constants for the equations used to generate tables 1-27 are 
tabulated in tables 28 and 29.

The uncertainties for the densities given in tables 1-27 are the 
mean deviation of the experimental values from the final regressed 
equations. The extrapolated densities have been assigned an uncer 
tainty of 10 times the mean standard deviation for the final regressed 
equations (tables 28 and 29). These assignments were made because 
of the simple form of the equations used; for although the equations
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fit the data well, they cannot be readily extrapolated with any 
certainty. Data is available for higher temperatures, pressures, 
and concentrations than those summarized in tables 1-27; how 
ever, in general, these data are not consistent with the lower tem 
perature, pressure, and concentration data or not extensive enough to 
allow for a reliable regression that would yield internally consistent 
P-V-T-X data.

As has been previously stated, there are three critical compilations 
of density data for limited temperature ranges previous to this study: 
International Critical Tables (National Research Council, 1928), 
Fabuss and Korosi (1968), and Haas (1970). The observed mean 
standard deviations between these data sets and the data in this 
study are ±0.0003 g/cm3 , ±0.0007 g/cm3 , and ±0.0036 g/cm3 , respec 
tively. The percentages of the smoothed points from the previous 
compilations that lie within the error bands determined for this study 
are 69.2 percent, 85.7 percent, and 82.0 percent for the International 
Critical Tables, Fabuss and Korosi, and Haas, respectively.

The tabulations given here will differ from those given in Chapters 
A and B of this Bulletin (Haas, 1976a, b) because these results were 
not available when the earlier chapters were prepared. Haas used an 
earlier formulation for the density of NaCl solutions to calculate the 
density and specific volume of the vapor-saturated solutions and to 
estimate the partial molal volumes of the HzO and NaCl components. 
As indicated in the foregoing analysis, these differences are minor in 
nature when the precision and accuracy of the available data are 
considered.

The density data obtained from smoothing all the available ex 
perimental data are in substantial agreement with previous studies 
of a similar nature. The smoothed values presented in tables 1-27 
represent a reliable set of internally consistent data that describes 
the available experimental data for the volumetric properties of 
aqueous sodium chloride solutions. Their wider scope, both in 
temperature-pressure-composition space and in completeness of data 
considered, makes these tabulations superior to the previously avail 
able compilations. The data as presented in tables 1-27 appear to be 
of significant precision for engineering purposes; however the preci 
sion is such that only preliminary thermochemical data can be ex 
tracted from the data set (Potter, 1976).
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