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to complex formation, one would expect, however, a positive
6V Erd T term, whereas the observed V,F temperature coef-
ficient is negative and this is a common feature of other complex
forming mixtures involving acetonitrile ( 70). (Interpretation of
this anomalous behavior has been given in terms of the volume
of the complex decreasing with temperature, whose effect more
than compensates the decrease in complex formation.) In the
case of acetonitrile-sulfolane mixtures one may rather suppose
that, owing to the steric hindrance of its globular molecule, only
the exposed negative end of sulfolane dipole is involved in
complex formation; this implies that the CH;CN molecules check
the proper orientation for interacting; presumalby a paraliel
alignment of dipoles is needed resulting in the observed increase
in the dielectric constant. On complex decomposition, the
monomer acetonitrile may accommodate interstitlally in the free
volumes or cavities of sulfolane, even if weakly structured, and
the related volume contraction superimposes to the steric effects
in reducing volume on mixing; reasonably this effect would be
enhanced by the temperature.
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Thermal Conductivity of Aqueous Sodium Chloride Solutions

from 20 to 330 °C

Huseyin Ozbek and Sidney L. Phillips*

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Selected thermal conductivity data reported in the
literature for aqueous sodium chloride solutions are
tabulated for geothermal energy applications.
Experimental values were converted where necessary to
a set of consistent units of degree Celsius, molal
concentration and watts per meter Celsius. A selected
empirical equation is given to reproduce the data over the
temperature range 20-330 °C, concentrations between 0
and 5 m, and at saturation pressures. A table of
smoothed values is generated by using the correlation
which reproduces the experimental data to £2% up to 80
°C. Between 100 and 150 °C, the percent deviation is
+17% to +31% for the one set of avallable experimental
values. Recommendations for additional data needs are
given.

An important facet in the development and utilization of
geothermal energy is the thermodynamic and transport data for
the hot brines which transport heat and the vapors which drive
turbines to produce electricity. While geothermal brines contain
a large number of dissolved electrolytes and gases, the main
constituent is sodium chloride. Consequently, modeling and other
studies which require basic data on geothermal brines are
generally based on those of aqueous NaCl solutions (7, 2).
While data on many basic properties are needed, this report
covers a survey of the available data on the thermal conductivity
of aqueous NaCl solutions for regions of geothermal interest:
temperatures to 350 °C, pressures to 500 bar (50 MPa), and
concentrations up to saturation.

The current published literature on the thermal conductivity
of sodium chloride solutions to high temperatures is not ex-

0021-9568/80/1725-0263%$01.00/0

tensive; this is especially true for work at temperatures exceeding
80 °C. Only one series of measurements are available to 150
°C: these are the data published by Korosi and Fabuss for
application to sea water desalination (3, 4). By far, the most
extensive data are contained in graphical form in the publication
by Yusufova, Pepinov, Nikolaev, and Guseinov with over 50 data
points between 100 and 330 °C (5). However, accurate values
cannot be read from the graphs.

Unless otherwise noted, the data were compiled from the
original publications. Numerical values were converted where
necessary to units of degree Celsius, molal concentration, and
watts per meter degree Celsius. The density data needed to
convert molar to molal concentrations were obtained from the
paper by Rowe and Chou (6). Data on the thermal conductivity
of water and the corresponding correlation equation are con-
tained in publications of ref 7 and 8.

Additional information on the theory and instrumentation is
obtained from ref 9; theory and correlations are from the pub-
lications by Kestin and Whitelaw (8), Riedel ( 70), Korosi and
Fabuss (3, 4) and Yusufova, Pepinov, Nikolaev, and Guseinov
(5). Tabulated data for sodium chloride solutions are given in
Table I. Of special interest are the survey by Jamieson, Irving,
and Tudhope ( 77) and the correlation developed for sea water
by Jamieson and Tudhope (12).

Scope of Compilation

The time span covered is mainly from 1929 to December
1979; earlier data are found in ref 13. Besides data on the
thermal conductivity of aqueous sodium chioride solutions, se-
lected portions of the available literature are included on theory,
instrumentation, data estimation methods, other salts (e.g.,

© 1980 American Chemical Society
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Table 1. Experimental Data for Thermal Conductivity of
Aqueous Na(l Solutions

temp, °C conen, m A, W/(m °C) ref
20 0.901 0.594 10
20 1.901 0.589 10
20 2.700 0.590 18
20 3.020 0.583 10
20 4.278 0.578 10
20 4.180 0.583 18
20 5.704 0.573 10
20 5.770 0.574 18
25 0.707 0.574 3
25 0.741 0.605 20
25 0.872 0.606 20
25 0.901 0.605 20
25 1.573 0.600 20
25 1.802 0.600 20
25 1.849 0.600 20
25 1.944 0.599 17
25 2.534 0.595 20
25 2.716 0.595 20
25 2.878 0.596 20
25 3.535 0.567 3
25 3.655 0.589 20
25 3.781 0.591 20
25 4.494 0.583 17
25 4.521 0.587 20
25 4.883 0.587 20
25 5.523 0.582 20
20-40 1.061 0.608 19
30 1.901 0.603 14
20-40 1.936 0.604 19
2040 2.857 0.592 19
20-40 3.434 0.581 19
30 4,278 0.589 14
40 2.730 0.615 18
40 4.220 0.605 18
40 5.820 0.594 18
50 0.707 0.577 3
50 1.944 0.635 17
50 3.535 0.571 3
50 4,494 0.617 17
60 2.760 0.634 18
60 4.270 0.623 18
60 5.890 0.611 18
75 0.707 0.581 3
75 3.535 0.557 3
80 2.790 0.647 18
80 4.320 0.635 18
80 5.960 0.622 18
100 0.707 0.560 3
100 3.535 0.539 3
125 0.707 0.518 3
125 3.535 0.500 3
150 0.707 0.460 3
150 3.535 0.455 3

potassium chloride), and sea water.

Analytical Expressions and Correlations

This section covers selected analytical expressions and em-
pirical correlations which have been used to describe the var-
iation in thermal conductivity for NaCl solutions as a function
of concentration and temperature.

On the basis of theoretical considerations, Predvoditelev (27)
and Vargaftik and Os’minin ( 74) developed the following equation
for predicting the thermal conductivity of aqueous solutions:

A CP p 8 Mw /2
wialtow v A V) o

Vargaftik and Os'minin ( 74) measured the thermai conductivity
of various aqueous solutions including NaCl solutions at 30 °C
and found that the deviation between the measured and the
predicted values by eq 1 was no more than 5%. The only

exception was nitric acid solutions, for which the deviation in-
creased as the acid concentration increased to a maximum
deviation of 12%.

Riedel developed an equation which has been used to describe
the variation in thermal conductivity with temperature and
concentration of salt solutions such as NaCl (70, 15) (eq 2),
where a; = experimentally determined coefficient characteristic
for each ion (-0.0047 for CI", referred to Na* as 0) and C=
concentration of each electrolyte.

A=\, + 2al, 2)
i

Korosi and Fabuss (3, 4) measured the thermal conductivity
for 0.7069 m NaCl and 3.5345 m NaCl, over the temperature
range 25-150 °C. The authors obtained 12 data points and
developed the following polynomial fits for these two concen-
trations:

0.7069 mNaCl; A\ = 0.540 + 0.001567T — 0.00001397 T2

3.5345 mNaCl: A = 0.553 + 0.000821T - 0.00000986 T2
@

The six values for each concentration were reproduced to better
than 1% by eq 3.

Yusufova et al. measured the thermal conductivity of aqueous
sodium chloride solutions for temperatures ranging from 20 to
330 °C and concentrations of 5, 10, 15, 20, and 25 wt % NaCl.
They developed the following correlation equation which re-
produces their experimental data for over 50 values with a
reported deviation of 2%:

A/, = 1.0 - (2.3434 X 107 - (7.924 X 10T+
(3.924 X 1078738 + (1.06 X 10° - (2 X 10°8)T +
(1.2 X 107197382 (4)

where

N 5844.3m
~ 1000 + 58.443m

However, numerical data are not available for these mea-
surements, and accurate values cannot be obtained from the
figures in the publication. For this reason their data are not
included in Table I.

Unterberg developed a family of curves which depict changes
in the thermal conductivity of NaCl solution with temperatures
to 149 °C and for zero to saturation concentrations. Unterberg
assumed that the variation of thermal conductivity with tem-
perature followed the same trend for different NaCl concen-
trations as that for pure water ( 76). In related work, Jamieson
and Tudhope fit experimental data on the thermal conductivity
of sea water solutions to the equation

G T 333
In)\=ln()\w+X)+(2.3-7_ 1—TC+Y (5)

where T, = 647 K (critical temperature of distilled water), X =
salinity X 0.0002, Y = salinity X 0.003, and G = 343.5 +
(salinity X 0.37). Equation 5 fits the experimental data to 3%
for salinities between 0 and 160 g/kg, and temperatures from
0 to 80 °C. For distilled water, the data are fit with an error
not greater than 1.3% up to 400 °C (72).

In summary, correlations are available which reproduce data
on the thermal conductivity of NaCl solutions at vapor saturation
pressures and in the temperature and concentration regions of
interest for geothermal energy.

Methods for Measuring Thermal Conductlvity

The methods commonly used to measure the thermal con-
ductivity of aqueous solutions include the following: coaxial



cylinders, flat plate, and continuous line source. The first two
are steady-state methods; the third is a transient method.

Chernen’kaya and Vernigora measured the thermal conduc-
tivity of NaC! and other solutions at 25 and 50 °C by using a
cell comprised of two coaxial thin-walled glass cylinders (17).
The NaCl solution was placed between the cylinders, and the
inner cell was thermostated to 25 or 50 °C for 30 min. The
difference in temperature across the NaCl solution was mea-
sured by a differential thermocouple. The instrument was
calibrated with doubly distilled gas-free water, methyl alcohol,
and benzene. Tufeu, LeNeindre and Johannin also used the
coaxial cylinder method in their measurements (78). The
measured values are believed accurate to within about £5%
(12). This method was also used by Riedel ( 10).

Yusufova et al. used a flat plate method for measuring the
thermal conductivity of NaCl from 25 to 330 °C (5). The solution
was placed between an upper and a lower circular metal plate;
the upper plate was maintained at a high temperature to provide
downward heat flow to prevent natural convection. A guard
heater was located on the periphery both to ensure linear heat
flow and to minimize convection. The main difficulties with this
method center on maintaining linear heat flow and eliminating
convection around the edges of the heated plates. Kapustinski
and Ruzavin used a cell consisting of three silvered copper
plates, 1 cm apart and forming two chambers. One chamber
was used to hold a standard liquid and the other the NaCi so-
lution. The standard was double-distilled water. The temperature
was maintained to 0.001 °C, and the error of measurements
was stated to be £0.1% (20).

The non-steady-state method such as the continuous line
source method has been widely used. In this case, heat is
generated at a constant rate in a long, thin wire which is inserted
in a large volume of test liquid. The system is initially at a
constant temperature; heat is then applied, and the thermal
conductivity of NaCl is determined from the measurements of
temperature vs. time at a fixed distance from the wire. Vargaftik
and Os’'minin ( 74), Chiquillo ( 79), and Korosi and Fabuss (3,
4) used this method in their thermal conductivity measurements.
Jamieson and Tudhope used the relative hot-wire method to
measure values for sea water solutions in the temperature range
0-125 °C (12).

Evaluation and Correlation

The data were converted where necessary to the '°C scale
of atomic weights, to units of grams per cubic centimeter for
density, to watts per meter Celsius for thermal conductivity, to
molal concentrations, and from relative values of thermal con-
ductivity to absolute values for NaCl solutions. The required data
and interpolating equation for the thermal conductivity of water
were taken from ref 7 and 8.

The correlation given by Yusufova is the only one available
which represents a large number of data points in the tem-
perature and pressure range of geothermal interest. As seen,
eq 5 is the ratio of the thermal conductivity of NaCl solutions
to that of pure water. Yusufova used the following equation for
liquid water which was contained in ref 7 and 8.

T+ 273.15
Ay = -0.92247 + 2.8395( 273.15 )

T+ 273.15 T+ 273.15
1.8007( 273.15 )z + 0.52577( 273,15 )-

T+ 273.15

0.07344( 573.15 (6

Equation 6 is valid for temperatures ranging from 0 to 350 °C
at saturation pressures.

Equations 4 and 6 were selected in this work to reproduce
and interpolate data on the thermal conductivity of NaCl solutions.
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Figure 1. Thermal conductivity of aqueous NaCl solutions as a function
of NaCl concentration at temperatures indicated.

Table II. Recommended Values for the Thermal Conductivity
of Aqueous NaCl Solutions, Calculated from Equations 4 and 6,
W/(m°C) ()

concn, m
temp,

°C 0 1 2 3 4 5

20 0603 0.596 0.590 0.585 0.580 0.577

30 0.618 0.611 0.605 0.600 0.595 0.592
40 0.632 0.624 0.618 0.613 0.609 0.605

50 0.643 0.636 0.630 0.625 0.621 0.617
60 0.653 0.646 0.640 0.635 0.631 0627

70 0.662 0.655 0.649 0.644 0.640 0.636

80 0.670 0.663 0.657 0.652 0.647 0.643

90 0.676 0.669 0.663 0.658 0.653 0.649
100 0.681 0.674 0.668 0.662 0.658 0.654
110 0.684 0.677 0.671 0.666 0.661 0.658
120 0.687 0.679 0.673 0.668 0.664 0.660
130 0.688 0.680 0.674 0.669 0.664 0.661
140 0.688 0.680 0.674 0.669 0.664 0.660
150 0.687 0679 0.673 0.667 0.663 0.659
160 0.684 0677 0.670 0.665 0.660 0.656
170 0.681 0.673 0.667 0.661 0.656 0.652
180 0.677 0.669 0.662 0.656 0.651 0.647
190 0.671 0.663 0.656 0.650 0.645 0.641
200 0.665 0.656 0.649 0.643 0.638 0.633
210 0.657 0.648 0.641 0.635 0.630 0.625
220 0.648 0.640 0.632 0.626 0.620 0.616
230 0.639 0.630 0.622 0.616 0.610 0.605
240 0.628 0.619 0.611 0.604 0.599 0.594
250 0.616 0.607 0.599 0.592 0.586 0.581
260 0.603 0.594 0.58 0.579 0.573 0.567
270 0.589 0.580 0.571 0.564 0.558 0.553
280 0.574 0.565 0.556 0.549 0.543 0.537
290 0.558 0.548 0.540 0.532 0.526 0.520
300 0.541 0.531 0.522 0.515 0.508 0.503
310 0.523 0.512 0.504 0.496 0.489 0.484
320 0.503 0.493 0484 0476 0470 0.464
330 0.482 0.472 0.463 0455 0449 0.443

Figure 1 shows the variation in thermal conductivity for con-
centrations from 0 to 5 m NaCl and temperatures between 50
and 300 °C. As shown, the thermal conductivity decreases
almost linearly at each temperature as the concentration in-
creases. Figure 2 is a plot of thermal conductivity vs. tem-
perature with concentration as a parameter. The thermal
conductivity increases with increasing temperatures up to a
broad maximum near 140 °C and then decreases with con-
centration, by a maximum of 7% for 5 m NaCl as compared
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Figure 2. Thermal conductivity of aqueous NaCli solutions as a function
of temperature at molalities shown.

with pure water. Table II consists of smoothed values for the
thermal conductivity of aqueous NaCl solutions from 20 to 330
°C over the concentration range 0~5 m. Table III compares
the available experimental data with that calculated from eq 4
and 6.

Summary and Conclusions

The correlation in eq 4 generally reproduces the experimental
data to better than £2% between 20 and 80 °C; an exception
is the data of Korosi and Fabuss where the deviation ranges
from +5.3 to +13.8%. See Table III. Between 100 and 150
°C, the deviation between the calculated values and the data
of Korosi and Fabuss increases to +31.6% at 150 °C. How-
ever, we assume their values to be incorrect partly because
they are consistently higher than the other values at tempera-
tures below 80 °C and partly because Korosi and Fabuss felt
their measurements should be considered tentative (3, 4, 712).
In addition, the values obtained for sea water concentrations
to 150 °C are consistently lower than those of Jamieson and
Tudhope (72).

Recommendations

After a survey of the current experimental values in light of
the data requirements, some specific recommendations are
appropriate. While data to 80 °C are satisfactory in some
respects, thers are inadequacies for temperatures to 350 °C
and for pressures to 50 MPa. Future work should include the
following: (1) development of a theoretical equation to predict
the thermal conductivity of NaCl solutions to high temperatures,
concentrations, and pressures (The equation would permit es-
timations of values where data do not exist. Currently, the best
available approach is that of Rideal but only for low temperatures
and concentrations ( 75).); (2) additional experimental data above
80 °C to augment those of Korosi and Yusufova and to assist
in reconciling the difference in their reported values (Data are
also needed for mixtures of sodium chloride solutions with po-
tassium chiloride and calcium chioride (24). Thereby, the effects
of these salts would be determined so that geothermal brines
could be more closely modeled. Data on KCI and CaCl, solutions
are reported to be available (22). Correlation for the thermal
conductivity of organic liquids was recently published by Ja-
mieson (23).); (3) investigation of the effect of pressure to 50
MPa (All the current data were obtained at saturation vapor

Table I1I. Comparison of Experimental Data with Those
Calculated from Equations 4 and 6

A caled from % dev
temp, concn, eq4 and 6, Al W A=)

°C m W/(m°C) ref (m°C) Ax 100
30 1.901 0.606 14 0.603 0.5
30 4.278 0.594 14 0.589 0.8
25 1.944 0.598 17 0.599 -0.2
25 4.494 0.586 17 0.583 0.5
50 1.944 0.631 17 0.635 -0.6
50 4.494 0.619 17 0.617 0.3
30 1.061 0.611 19 0.608 0.5
30 1.944 0.605 19 0.604 0.2
30 2.857 0.601 19 0.592 1.5
30 3.434 0.598 19 0.581 2.8
20 0.901 0.597 10 0.594 0.5
20 1.901 0.591 10 0.589 0.3
20 3.020 0.585 10 0.583 0.3
20 4,278 0.579 10 0.578 0.2
20 5.704 0.574 10 0.573 0.2
25 0.741 0.606 20 0.605 0.2
25 0.872 0.605 20 0.606 -0.2
25 0.901 0.605 20 0.605 0.0
25 1.573 0.600 20 0.600 0.0
25 1.802 0.599 20 0.600 -0.2
25 1.849 0.599 20 0.600 -0.2
25 2.534 0.595 20 0.595 0.0
25 2.716 0.594 20 0.595 -0.2
25 2.878 0.593 20 0.596 ~0.5
25 3.655 0.590 20 0.589 0.2
25 3,781 0.589 20 0.591 -0.3
25 4.521 0.586 20 0.587 -0.2
25 4.883 0.585 20 0.587 -0.3
25 5.523 0.582 20 0.582 0.0
20 2.700 0.590 18 0.586 0.7
20 4.180 0.583 18 0.580 0.5
20 5.770 0.574 18 0.574 0.0
40 2.730 0.615 18 0.615 0.0
40 4.220 0.605 18 0.608 -0.5
40 5.820 0.594 18 0.602 -1.3
60 2.760 0.634 18 0.637 -0.5
60 4,270 0.623 18 0.630 -1.1
60 5.890 0.611 18 0.624 -2.1
80 2.790 0.647 18 0.653 -0.9
80 4.320 0.635 18 0.646 -1.7
80 5.960 0.622 18 0.640 -2.9
25 0.707 0.606 3 0.574 5.3
25 3.535 0.590 3 0.567 3.9
50 0.707 0.638 3 0.577 9.6
50 3.535 0.623 3 0.571 8.3
75 0.707 0.661 3 0.581 12.1
75 3.535 0.646 3 0.557 13.8
100 0.707 0.676 3 0.560 17.2
100 3.535 0.660 3 0.539 18.3
125 0.707 0.682 3 0.518 24.0
125 3.535 0.666 3 0.500 24.9
150 0.707 0.681 3 0.460 32.5
150 3.535 0.665 3 0.455 31.6

% Am = measured thermal conductivity.

pressures.); (4) laboratory measurements of the thermal con-
ductivity of geothermal brines as a function of concentration,
temperature, and pressure (The data will provide site-specific
information on the variation in thermal conductivity and test the
applicability of NaCl solutions for modeling.).
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Review of Density Estimation of Saturated Liquid Mixtures

Doddipatla Veeranna and Devinder N. Rihani*
Engineers India Lid., New Delhi 110 001, India

Various correlations with regard to the density model and
mixing rules needed for this purpose have been reviewed.
It has been found that the modifled Rackett equation with
the Chueh-Prausnitz mixing rule, which predicts the
density within 3%, should be acceptable from an
engineering design standpoint. A total of 3600 data points
from 88 systems (containing polar and nonpolar
constltuents) were tested. The data extended well into
the critical region for systems with nonpolar components.
Whenever polar compounds were present, this was
generally in the T, range of 0.4-0.7 and to that extent the
validity of this exercise would be limiting.

1. Introduction

Density is a parameter affecting directly or indirectly every
stage of the process design activity. For pure components a
large volume of liquid density data has been reported in standard
handbooks ( 7-4), etc. However, such is not the case with
mixtures where, besides temperature and pressure, composition
is also one of the variables. For mixtures the required data are
seldom available; it is necessary to reduce and correlate the
data for meaningful interpolations. The utility of having a reliable
estimation tool can be easily realized if we consider that for an
actual system the number of components to be handled may
be more than 10—say for the case of a C; aromatics separation
train this could be close to 20, with some of them being su-
perciritical.

This paper presents the results of a study undertaken to
review the estimation procedures for mixtures containing non-
polar and polar components. Attention was given to criteria like
(i) accuracy, (i) range of application, (iii) ease of use, and (iv)
availability of input parameters. For use with a computerized
thermophysical property package, it would be advantageous to
have a method based on common input parameters, i.e., critical

properties, acentric factor, etc., which are normally available
or can be estimated with a high degree of reliability.

2. Avallable Correlations

The estimation method may utilize either an equation of state
like Redlich-Kwong, BWR, etc., or the corresponding states
approach. The latter is preferred because of wider applicability
and lesser computational efforts. This paper is also restricted
to the corresponding states approach.

2.1 Nonpolar Systems. On the basis of the work of many
authors (5- 72) it was decided to limit this investigation to testing
with the following correlations.

{(a) Harmens Equation (9). Originally Harmens tabulated
F(T,) as a function of reduced temperature in the range 0.3 <
T, < 0.96. Spencer and Danner (5) enhanced its usage by
converting it into an analytical form.

(b) Modified Rackett Equation (5). The original equation
by Rackett ( 13) has been modified ( 74, 23) and extended to
mixtures. It employs critical temperature, pressure, and an
adjustable parameter called the Rackett parameter, Zg,, as
shown.

RT,
V=5 = Zg T (1
[}
T.
Vi = R[ > ]zm‘”‘-’f’”’ (2)
i=1 Pcl
n
Zpam = Exr'znm 3
T.=T/Tem 4

T.m. PSeudocritical temperature for mixtures, was obtained
through one of the mixing rules mentioned later on.
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