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Abstract A model has been established for calculating the thermal conductivity
of aqueous electrolyte solutions containing the Nat, KT, Mg?T, Ca>*, CI—, S04,
CO032~,HCO3 ™, and Br™ ions. The model is based on a previously developed compu-
tational framework for the thermal conductivity of mixed-solvent electrolyte systems,
whichhasbeen expanded by explicitly accounting for pressure effects in addition to tem-
perature and electrolyte composition effects. The model consists of a contribution of the
solvent, a contribution of individual species expressed using modified Riedel coeffi-
cients, and an ionic strength-dependent term that is due to interactions between species.
The model accurately represents the thermal conductivity of solutions containing single
and multiple salts at temperatures ranging from 273 K to 573 K, pressures up to at least
1400 bar, and concentrations up to the limit of solid saturation. Further, the model has
been applied to seawater and used to elucidate the discrepancies between the experimen-
tal data for seawater and those for Na—K-Mg—Ca—CI-SOy salt solutions. With param-
eters evaluated on the basis of data for binary and multicomponent salt solutions, the
model provides reliable predictions of the thermal conductivity of seawater.

Keywords Electrolytes - Salt solutions - Seawater - Thermal conductivity

1 Introduction

The thermal conductivity of aqueous electrolyte solutions is of great practical signif-
icance for a variety of applications in the chemical process industries, desalination,
absorption refrigeration, power generation, geothermal systems, and ocean energy
utilization. In the past three decades, a large number of experimental studies have
been devoted to the elucidation of the effects of temperature, pressure, and electrolyte
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composition on the thermal conductivity of binary and multicomponent salt solutions

[1-12]. Thus, an extensive database exists that makes it possible to develop a compre-

hensive model for thermal conductivity.

In a previous study [13], a model was developed for calculating the thermal con-
ductivity of aqueous, non-aqueous, and mixed-solvent electrolyte systems ranging
from dilute solutions to fused salts or pure solutes. This model expanded the concepts
that were originally introduced by Riedel [14], who identified universal contributions
of individual ions to the thermal conductivity of electrolyte solutions. Based on this
foundation, the model incorporated the effects of interactions between species and
expressed them as functions of ionic strength and temperature. This approach was
shown to be valid for concentrated solutions in wide ranges of temperature. However,
the resulting model was designed strictly for applications in the chemical process
industry, in which there is no need to account for the effect of high pressures. Thus,
its applicability was limited to pressure ranges that do not significantly exceed the
vapor-liquid saturation pressure.

In this study, we focus on electrolyte systems that are important in natural envi-
ronments. Such systems contain primarily the Nat, K*, Mg>t, Ca>*, CI~, SO4%~,
CO32_, and HCO3 ™ ions in various concentrations. Of particular interest is the ther-
mal conductivity of seawater in wide ranges of salinity, temperature, and pressure. In
the past two decades, significant progress has been reported in the development of
comprehensive equations of state for predicting the Gibbs energy and all derivative
properties of seawater [15—17]. This work resulted in a release of the International
Association for the Properties of Water Steam [18], which provides a recommended
formulation for predicting the thermodynamic properties of seawater. It is thus of con-
siderable practical interest to establish methods for predicting transport properties of
seawater, which would supplement the already available thermodynamic formulation.

The previously developed model for mixed-solvent electrolyte solutions [13] pro-
vides a suitable foundation for reproducing the behavior of Na—K-Mg—Ca—Cl-SO4—
CO3-HCO3-Br-H;O0 systems and, in particular, of seawater. However, it is necessary
to augment this model by explicitly accounting for the pressure effects. Such effects
are of particular practical interest for seawater applications. Thus, the objective of this
study is threefold:

(1) Extend the electrolyte solution thermal conductivity model [13] to include pres-
sure effects, thus creating a model that is capable of reproducing thermal con-
ductivity in wide ranges of electrolyte concentration, temperature, and pressure,

(2) Develop a comprehensive set of model parameters for Na—K-Mg—Ca—CI-SO4—
CO3-HCO3-Br—-H;0 systems on the basis of experimental data for systems
containing single and multiple salts, and

(3) Apply the model to predict the thermal conductivity of seawater in a wide range
of conditions and verify it on the basis of available data.

2 Thermal-Conductivity Model
In a previous paper [13], a general framework was derived for representing the ther-

mal conductivity of electrolyte systems in mixed solvents. Here, we summarize this
framework in a form that is appropriate for solutions in a single solvent, i.e., water.
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The thermal conductivity of an electrolyte solution is expressed as a sum of three
contributions, i.e.,

A= AH0 + ALS 4 AR (1)

where An,0 is the thermal conductivity of the solvent (water), A)A® is a contribution of
individual species, and AA5~% is a contribution of interactions between pairs of species.
For aqueous systems, the A? term is calculated from the 2011 IAPWS formulation for
the thermal conductivity of pure water [19] and is evaluated at the temperature and
pressure of the mixture.

The A)S term is characterized by ion-specific coefficients and can be interpreted as
the result of ion-solvent interactions. It constitutes a generalization of Riedel’s addi-
tivity rule for ions [14], in which mole fractions rather than molar concentrations are
used as composition variables:

AL = Z)C,‘O[,‘ (2)

where the subscript i pertains to all solutes (ions and ion pairs), x; is the mole fraction,
and «; is the mole fraction-based Riedel coefficient of the ith species. The temperature
dependence of the «; coefficient is given by

a = ay +azexp [—K(T — Tp)] 3)

where T is the temperature in K, Ty = 273.15K, and K is a universal constant equal
to 0.023 as established in the previous paper [13]. The coefficients «; and oy are
determined on the basis of experimental data for binary systems at low or moderate
electrolyte concentrations. The concentration range that is appropriate for the deter-
mination of the ¢¢; parameters is determined as the range over which the concentration
dependence of thermal conductivity is nearly linear and, therefore, the AA® term is
dominant. Within the concentration region in which the AA® term is predominant, the
coefficients can be evaluated using the simple formula, A — AH,0 = Xcotc +xa0 [13].
Following Riedel [14], the « coefficient for the Na™ ion is assigned a value of zero at
all temperatures, i.e., op,+ = 0, thus establishing a reference for other ions. With this
assumption, coefficients for all other ions can be determined. If ion pairs are present in
a solution, the «; parameter of an ion pair is calculated as a sum of the «; parameters
for the constituent ions. Therefore, the AA® term is the same whether or not ion pairs
exist in a solution.
The species—species interaction term is expressed as

AN =" fi fiBik “)
k

1

where the indices i and k pertain to all solutes, B;x is a binary parameter, and f; and
fr are solute-only mole fractions of the ith and kth species, adjusted for the charges
of the species, i.e.,
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xi/ max (1, |zi])
Zm xm/ max (17 |Zm|)

Ji= (&)

and the index m pertains to all solute species. In its most general form, the binary
parameter S;; is expressed as a function of ionic strength as

2 3
Bix = BY + P12 + B exp (1) ©)

The parameter I, in Eq. 6 is an extended ionic strength that accounts for the presence
of neutral ion pairs (as opposed to solvent molecules). Such ion pairs may become
significant for some salts at high concentrations because of speciation equilibria.

I = %Zz%x,- + > x (7

ions ion—pair

At low and moderate pressures, e.g., near vapor—liquid saturation, the temperature
dependence of the three /3,.(,:") (m =1, 2, 3) parameters is given by

0 T
B = B exp [ﬂf}f’ (- To)] ®)
where ﬁi(,zno) and ,Bi(,:" D) are adjustable parameters.

2.1 Pressure Dependence

In this study, we introduce an additional pressure dependence in order to reproduce
thermal conductivity in wide ranges of both temperature and pressure. Experimen-
tal data indicate a nearly linear pressure dependence of the thermal conductivity of
electrolyte solutions up to at least 1400 bar. This is illustrated in Fig. 1 for aqueous
NaCl solutions. In view of the model (Eq. 1), this behavior is partially accounted for
by the pressure dependence of pure water thermal conductivity and partially by that
of the solute-dependent terms. Since the contribution of individual species, AA®, is
primarily responsible for the effects of low electrolyte concentrations at which the
pressure dependence is dominated by that of the solvent, there is no need to introduce
a pressure dependence explicitly into AA®. On the other hand, the species interaction
contribution AAS™® requires an explicit pressure dependence because it determines
the effect of electrolytes at high concentrations. Considering the near-linear pressure
dependence of the thermal conductivity of electrolyte solutions and that of pure water
at corresponding temperatures and pressures, Eq. 8 needs to be extended by adding
a term that is linear with respect to pressure. Accordingly, the interaction parameters
,Bi(,zn) (m =1, 2, 3) are rewritten to include both temperature and pressure effects, i.e.,
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Fig. 1 Calculated and experimental pressure dependence of thermal conductivity of 3 molal NaCl solu-
tions at various temperatures. The experimental data are from Magomedov [1] (circles), Abdulagatov and
Magomedov [2] (triangles), and Nagasaka et al. [10] (squares)

0
B =B exp B (1 = To) | + B (P — Py, ©)
where Py = 1 bar and ﬂi(,?’o), ,Bi(;" T), and ﬁi(,Z"P) are adjustable constants.

The parameters ,81.(2"0), ﬁl.(IZ"T), and ﬁl.(,’c" P) are determined by regressing experimental

data for concentrated electrolyte systems. For most solutions, only a relatively small
subset of the possible parameters is regressed, depending on the range of available
experimental data.

3 Determination of Parameters

The model has been applied to aqueous systems containing the Nat, KT, Mg+, Ca’*,
Cl—, SO42_, HCO3™, CO32_, and Br™ ions. A substantial amount of experimental
data is available for these systems in the literature. In particular, comprehensive mea-
surements have been reported for binary and multicomponent mixtures of NaCl, KCl,
MgCl,, CaCl,, NaSO4, K2SO4, and MgSO, over wide ranges of composition, tem-
perature, and pressure [ 1—12]. For other salts, data are available at moderate pressures,
near vapor-liquid saturation. Table 1 summarizes the literature sources that were used
in the development of model parameters.

Before applying the model to reproduce the experimental data, it is worthwhile to
examine the uncertainty of the data and, by extension, the expected reasonable level
of deviations between the data and calculated results. Since the IAPWS formulation
for pure water [19] is used here as a foundation for the model for electrolyte solutions,
the estimated uncertainty of the thermal conductivity of pure water should serve as a
baseline for the expected uncertainty for mixtures. According to the IAPWS release
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Table 1 Summary of sources of experimental data for binary and multicomponent systems that were used
to establish the parameters of the model

System References

Binary systems

NaCl + H,O Nagasaka et al. [10], Magomedov [1], Abdulagatov and
Magomedov [2], Abdullayev et al. [7], Ramires et al. [11], Assael
et al. [5], Riedel [14], Kapustinskii and Ruzavin [20], Vargaftik
and Osminin [21], Davis et al. [22], Yusufova et al. [23],
El’darov [6]

KCl + H,O Abdulagatov and Magomedov [2], Magomedov [1], Assael et al.

[5], Ramires et al. [12], Riedel [14], Kapustinskii and Ruzavin
[20], Vargaftik and Osminin [21], Davis et al. [22]

MgCl, +Hy0 Kapustinskii and Ruzavin [20], Chernen’kaya and Vernigora [24],
Riedel [14], Rau [25], Aseyev [26]

CaClp + H,O Assael et al. [5], Kapustinskii and Ruzavin [20], Riedel [14], Meyer
[27], Rau [25], Chernen’kaya and Vernigora [24], Aseyev [26]

Na»SO4 + H,O Kapustinskii and Ruzavin [20], Riedel [14], Aseyev [26]

K7S04 + H,O Abdulagatov and Azizov [4], Riedel [14], Aseyev [26]

MgSO4 +Hy0 Riedel [14], Aseyev [26]

NayCO3 + HO Riedel [14], Aseyev [26], Chernen’kaya and Vernigora [24]

NaHCO3 + H,O Aseyev [26], Chernen’kaya and Vernigora [24]

K,CO3 + H,O Riedel [14], Aseyev [26]

KHCO3 + H,O Aseyev [26]

NaBr + H,O Aseyev [26]

Multicomponent systems

NaCl + KCI + H,O Magomedov [3]

NaCl + CaClp + HyO Abdullayev et al. [7]

NaCl 4 NapSO4 + H,O Magomedov [3]

MgCl, + MgSO,4 + HpO Magomedov [3]

NaCl + MgCl, + CaCl, + H,O  Magomedov [3]
NaCl + KCl + CaCl, + H,O El’darov [8,9]

[19], the estimated uncertainty of pure water thermal conductivity is 0.7 % along the
saturation line and rises to 1.5 % for temperatures up to ~523 K and pressures up
to 50 MPa. This range encompasses the majority of the data that are used here. For
pressures between 50 MPa and 250 MPa and temperatures up to 700 K, which cover
the remainder of the electrolyte solution database, the estimated uncertainty is 2 %.
Thus, the overall expected uncertainty of thermal conductivity of electrolyte solutions
should not be better than these estimates. This is in agreement with the available
estimates of uncertainty for electrolyte solutions. For the data sets that are limited to
temperatures up to about 373 K and pressures along the saturation line, the uncertainty
has been reported to be better than 0.5 % [5,11,12]. This level of uncertainty can be
also confirmed by comparing data from various sources (Table 1) within this range
of temperature and pressure. For the data sets that extend to high temperatures (up to

@ Springer



Int J Thermophys (2012) 33:235-258 241

Table 2 Individual aqueous species considered in this study and parameters for calculating their contribu-
tions to thermal conductivity (Eq. 3)

Species ®1,H,0 @2 H,0 Molality in reference
seawater [39]

Nat 0.0 0.0 0.4860597
Mg+ —0.496250 0.052652 0.0547421
CaZt —0.052799 0.126519 0.0106568
K+ —0.382485 0.044932 0.0105797
cl- —0.360439 0.006076 0.5657647
SO42~ —0.029457 0.044903 0.0292643
HCO3~ —0.215690 —0.167037 0.0017803
Br— —1.147163 0.249998 0.0008728
CO32~ 0.341711 0.0 0.0002477

573 K) and pressures (up to 140 MPa), the uncertainty is estimated to be, in general,
less than 2 % [1-4]. Thus, the model is expected to reproduce the experimental data
within these uncertainties.

In the first step of parameter regressions, the coefficients o and oy have been deter-
mined for individual ions based on experimental data in fairly dilute binary solutions
[13]. These parameters are collected in Table 2. Since the o1 and oy parameters pertain
to individual ions, they remain valid for all binary and multicomponent solutions. In
the second step, the parameters ﬁi(:z())’ /31'(1’: D and /3[.(,?”)) have been determined for all
cation—anion combinations on the basis of data for concentrated binary systems. In the
final step, data for systems containing two or more salts were analyzed to evaluate the
relevant cation—cation and anion—anion parameters. It should be noted that parameters
between like ions constitute a second-order correction compared with those between
unlike ions. Nevertheless, they are significant to obtain optimum accuracy. The data
that are available for seawater were not used in the regression of parameters, and the
experimental database was limited to the systems listed in Table 1. The consequences
of this choice will be analyzed further in Sect. 4.

The obtained values of the parameters ,Bi(,'("()), ﬁi(,i"T), and ﬂlgfp) are summarized in
Table 3. The parameter matrix is fairly sparse, as the selection of parameters is guided
primarily by the complexity of the concentration dependence of thermal conductivity.

In particular, the ,Bi(lfo) and ﬁl.(,?) parameters have been found necessary for only three

pairs of ions, and the ,31.(2 ") and ,31.(2 P) parameters were never used. The pressure-depen-
dent thermal-conductivity parameters that have been obtained in this work replace the
parameters that were developed in the previous, pressure-independent version of the
model [13]. However, the pressure-independent parameters that are available for other
species pairs remain valid over a narrow pressure range and can be used for mixture
calculations together with the parameters listed in Table 3.

The numerical values of the parameters of the thermal-conductivity model depend
on the speciation of the system. Although the individual species contribution AA®
does not depend on ion pairing, AA%® is influenced by the presence of ion pairs.
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In this study, the computation of thermal conductivity was preceded by the calcula-
tion of speciation for all conditions of temperature, pressure, and composition. Then,
the obtained mole fractions of ions and ion pairs were used in Egs. 1-9. If specia-
tion was neglected, the species—species interaction parameters would be somewhat
different from the values listed in Table 3. For speciation calculations, a previously
developed thermodynamic model [28—30] has been used. This model is summarized in
the Appendix. Further, a complete set of the thermodynamic model parameters is col-
lected in Tables 4 and 5 for Na—K-Mg—-Ca—Cl-SO4—HCO3-CO3-Br—H>O systems.
In the thermodynamic model, the formation of the MgClz(aq), CaClp(ag)» MgSO4(aq),
CaSO4(aq), MgCO3(yq), and CaCO3(aq) ion pairs is assumed. The concentration of
these ion pairs increases, in general, as the temperature and the relevant salts’ con-
centration are increased. For thermal-conductivity calculations over wide temperature
and composition ranges, it is necessary to take into account the formation of ion pairs
and to calculate their concentrations as described in the Appendix. However, for calcu-
lations in a more limited space of temperature and solution composition, it is possible
to neglect the formation of ion pairs and assume that the concentrations of all ions are
equal to their nominal (or analytical) values. The errors introduced by the neglect of
ion pairing will be discussed further in Sect. 4.

4 Results and Discussion
4.1 Single-Salt Solutions

With the parameters listed in Tables 2 and 3, the model represents the thermal con-
ductivity of single-salt solutions essentially within experimental uncertainty. This is
illustrated in Figs. 1 and 2 for NaCl + H,O and in Fig. 3 for KC1 + H,O. As shown in
Fig. 1, the pressure dependence of the thermal conductivity of NaCl+4H,O solutions at
fixed concentrations and temperatures is nearly linear, at least up to 1000 bar. Figure 2
shows the temperature dependence of thermal conductivity for a fixed NaCl concen-
tration at pressures varying from vapor-liquid saturation (1 bar to 20 bar depending
on temperature) up to 1000 bar. The A versus T curves show maxima at temperatures
ranging from ~410 K to 430 K, depending on the pressure. An increase in pressure
shifts the A versus T curves towards higher conductivities, in agreement with the
pressure dependence illustrated in Fig. 1. At the same time, the maxima become less
pronounced at higher pressures, which is due to a stronger pressure effect at higher
temperatures. The experimental data for the NaCl 4+ HO solutions that are summa-
rized in Table 1 are, in general, in reasonably good agreement with each other. The
model reproduces the data of Nagasaka et al. [10], Assael et al. [5], Magomedov [1],
Abdulagatov and Magomedov [2], Ramires et al. [11], and Abdullayev et al. [7] with
an average deviation of 0.50 % over a temperature range from 274.1 K to 473.15 K, at
pressures from 1 bar to 1000 bar and for NaCl mole fractions ranging from O to 0.096
(or molalities up to 5.89). This concentration range is reasonably close to the solubility
limit of NaCl.

Figure 3 illustrates the temperature dependence of the thermal conductivity of
KCl+ H>O solutions for various compositions ranging from 2.5 wt% to 25 wt% KCL.
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Fig. 2 Calculated and experimental temperature dependence of thermal conductivity of 3 molal NaCl
solutions at various pressures. The experimental data are from Magomedov [1] (circles), Abdulagatov and
Magomedov [2] (triangles), and Abdullayev et al. [7] (diamonds)

The figure shows two families of A versus 7 curves—one for pressures near vapor—
liquid saturation and one for 400 bar. In a characteristic pattern, the A versus T curves
for various compositions are nearly parallel and shift towards lower A values as the
KCI concentration increases. An increase in pressure shifts the curves towards higher
conductivity values and somewhat flattens the maximum with respect to temperature,
as already observed for NaCl solutions. The average deviation between the model cal-
culations and the experimental data of Assael et al. [5], Magomedov [1], Abdulagatov
and Magomedov [2], and Ramires et al. [12] is 0.47 % for temperatures ranging from
293.15 Kto 473.15 K, pressures up to 1 000 bar, and KCI mole fractions up to 0.0745
(or molalities up to 4.47).

The thermal conductivity of other binary systems (cf., Table 1) is reproduced by the
model with a similar accuracy. Also, the qualitative patterns that are shown in Figs. 1,
2, and 3 remain valid for all salt solutions that are examined in this study.

4.2 Solutions of Multiple Salts

The experimental results of Magomedov [3], Abdullayev et al. [7], and El’darov [8,9]
provide an extensive database for multicomponent Na—K-Mg—Ca—Cl-SO4 systems.
They make it possible to verify and calibrate the model for various combinations
of salts over wide ranges of temperature, pressure, and composition. Examples of
calculations for multicomponent systems are shown in Figs. 4 and 5.

Figure 4 compares the calculated and experimental thermal conductivities in the
NaCl+ MgCl, 4 CaCl; 4+ H>O system. The upper and lower diagrams in Fig. 4 show
the temperature dependence of A for various fixed solution compositions in the vicin-
ity of the saturation pressure and at 400 bar, respectively. It is noteworthy that the A
versus T curves have the same shape as those for single-salt solutions (cf., Fig. 3).
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Fig. 3 Calculated and experimental thermal conductivity of KCI-H;O solutions as a function of tem-
perature for various KCI concentrations at pressures (a) near vapor—liquid saturation and (b) 40 MPa. The
experimental data are from Assael et al. [S] (hollow squares and triangles at temperatures up to ~ 330 K)
and Abdulagatov and Magomedov [2] (remaining symbols)

Accordingly, as the overall salt content of the solution increases, the A versus T curves
shift towards lower values, whereas an increase in pressure raises the value of A, espe-
cially at higher temperatures. Also, the A versus T curves for various salt contents are
nearly parallel. The average deviation between the calculated values and the data of
Magomedov [3] is 0.30 % for temperatures ranging from 293.15 K to 573.25 K, pres-
sures up to 400 bar, and various salt contents. This deviation is similar, but slightly
lower than that obtained for single-salt solutions over comparable ranges of condi-
tions. This is due primarily to the fact that only one literature source was used for
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Fig. 4 Calculated and experimental thermal conductivity of the NaCl-MgCl,—CaCl,—-H;O solution as a

function of temperature for various salt concentrations (a) near vapor—liquid saturation pressure and (b) at
40 MPa. The experimental data are from Magomedov [3]

the NaCl 4+ MgCl, + CaCl; + H,O system, whereas multiple data sets were used for
single-salt solutions such as NaCl + H>O and KCI +H,O. Thus, the relatively minor
discrepancies between various data sources resulted in the slightly higher deviations
for single-salt systems compared to those for the NaCl 4+ MgCl, 4 CaCl, 4+ H,O
system.

Figure 5 shows the behavior of the NaCl + KCI + CaCl, + H>O multicomponent
system. The upper diagram combines the A versus T curves for various total salt com-
positions at a fixed ratio of individual salts, whereas the lower diagram shows the A
versus T curves at a fixed total composition at various pressures. It is interesting to
note that the pressure effect is more pronounced than the salt concentration effect,
in particular, at higher temperatures. The model reproduces the experimental data of
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Fig.5 Calculated and experimental thermal conductivity of the NaCl-KCIl-CaCl,—H; O system as a func-
tion of temperature for (a) various salt concentrations at vapor-liquid saturation and (b) various pressures
at a fixed salt concentration of 15 wt%. The experimental data are from El’darov [8,9]

El’darov [8,9] with an average deviation of 0.30 % over a temperature range from
293.15 K to 573.22 K and a pressure range from vapor-liquid saturation to 500 bar.
The remaining multicomponent systems (cf., Table 1) are reproduced with a similar
accuracy.
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4.3 Seawater

The results that have been obtained for various Na—K— Mg—Ca—Cl-SOy4 systems (cf.,
Table 1; Figs. 1, 2, 3, 4, 5) indicate that there is a high degree of consistency between
the binary and multicomponent systems over wide ranges of temperature, pressure,
and composition. Therefore, the experimental data listed in Table 1 made it possible to
evaluate the model parameters with a high level of confidence. However, the thermal
conductivity data that are available for seawater show a considerably lower level of
mutual consistency. Therefore, we have not made any attempt to make adjustments
of model parameters on the basis of seawater data. Instead, we retain the parameters
that were determined on the basis of the experimental data listed in Table 1, and we
predict the thermal conductivity of seawater.

The species that are listed in Table 2 cover the most important constituents of sea-
water. For all of these species, the model parameters reported in Tables 2 and 3 are
firmly grounded in experimental data. The Na®, K+, Mg?*, Ca>*, CI~, and SO4>~
ions, for which we have both binary and multicomponent data, are by far the most
abundant ionic constituents of seawater. Also, the HCO5, CO3%~, and Br™ ions have
been included. While only binary data are available for the sodium and potassium salts
of these ions, their concentrations in seawater are so low that their effect is accounted
for practically only by their single-species contributions (cf., Table 2). The remaining
species (i.e., Sr2t, B(OH),,B(OH)3, F~, OH™, and CO;) have very low concentra-
tions in seawater, and their contribution to bulk properties such as thermal conductivity
is negligible.

Experimental data for the thermal conductivity of seawater have been recently
reviewed by Sharqawy et al. [31,32]. The data are available from multiple sources
[33-38] and span a reasonably wide range of pressures (up to 1400 bar), temperatures
(from 273.15 K to 453.15 K), and salinities (up to 153.46 g - kg~!). For the calcu-
lation of the thermal conductivity of seawater, the reference seawater composition
[39] was used. For completeness, the reference concentrations are listed in Table 2
for the species that were included in the calculations. In order to apply the model to
seawater and to compare the results with experimental data, the reported salinities
have been recalculated into concentrations of the constituent species by maintaining
the concentration ratios in reference seawater (cf., the last column in Table 2).

Figures 6, 7, and 8 compare the predictions of the present model with the experi-
mental data. Figure 6 shows the pressure dependence of the thermal conductivity of
seawater with salinities of 31.5 g - kg~ and 35 g - kg~ at temperatures ranging from
273.15 K to 333.15 K. As with NaCl solutions (cf., Fig. 1), the thermal conductivity
nearly linearly increases with pressure up to 1400 bar. The agreement with the experi-
mental data of Caldwell [33] is excellent. The average deviation is only 0.33 %, which
is remarkable considering that Caldwell’s data [33] were not used in the regression of
the model parameters. This deviation is essentially identical to the stated uncertainty
of Caldwell’s [33] measurements, which is estimated at 0.3 % by the author. On the
other hand, the data of Castelli et al. [34] are systematically shifted towards lower
values of A compared with the Caldwell [33] data (cf., Fig. 6). Therefore, the average
deviation from the data of Castelli et al. [34] is 2.10 %, which is more than six times
higher than the deviation from the data of Caldwell [33]. Although Castelli et al. [34]
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Fig. 6 Comparison of calculated thermal conductivities of seawater (/ines) with experimental data of
Castelli et al. [34] (hollow symbols) and Caldwell [33] (solid symbols). The solid and dotted lines have
been calculated for salinities of 31.5 g - kg_1 and35 g- kg_1 , respectively. The lines are labeled with the
temperatures for which they were generated
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Fig.7 Comparison of thermal conductivities of seawater calculated from the present model (solid lines)
with Jamieson and Tudhope’s [35] raw experimental data (solid symbols) and smoothed values (hollow
symbols connected with dotted lines as a guide to the eye). The solid and dotted lines are labeled with the
values of salinity (in g - kg™ 1) for which they were generated
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Fig. 8 Comparison of seawater thermal conductivities calculated from the present model (l/ines) with the
experimental data of Castelli et al. [34], Caldwell [33], Nukiyama and Yoshizawa [37], Tufeu et al. [36],

and Fabuss and Korosi [38]. The lines are labeled with the values of salinity (in g - kgfl) for which they
were generated

estimate the uncertainty of their measurements at 1.06 %, the deviations between their
data and those of Caldwell [33] are higher and are 2 %.

Figure 7 compares the predictions with the data of Jamieson and Tudhope [35],
which, unlike the other seawater data, cover a rather wide range of salinity and temper-
ature. Jamieson and Tudhope [35] reported a matrix of experimental data for salinities
from 33.57 g - kg™! to 153.46g - kg~! in the temperature range from 273.15 K to
348.15 K and an additional series of measurements for salinities of 153.46g-kg™! up
to 448.15 K. Based on these data, they developed a set of smoothed values, which are
shown in Fig. 7 as hollow symbols connected by dotted lines. The predicted thermal
conductivities are in very good agreement with the data of Jamieson and Tudhope [35]
up to ~323.15 K. Beyond this temperature, increasing deviations are observed. It is
noteworthy that the smoothed data of Jamieson and Tudhope [35] show a crossover at
~360 K. Below the crossover temperature, the thermal conductivities decrease with
salinity, whereas they are reported to show the opposite trend above this temperature
(cf., Fig. 7, dotted lines). Such a crossover is not supported by any other experimen-
tal data for Na—K-Mg—Ca—Cl-SOy4 systems and should be regarded as an artifact
of Jamieson and Tudhope’s [35] smoothing procedure. Thus, the hollow symbols in
Fig. 7 cannot be regarded as reliable estimates of thermal conductivity at high temper-
atures. The A versus T curves predicted by the model are roughly parallel for various
salinities, which is consistent with the behavior of various salt solutions. The overall
average deviation between the predictions and the data of Jamieson and Tudhope [35]
is 1.79 %, which encompasses deviations ranging from fractions of a percent at low
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temperatures to more than 7 % as a maximum deviation at high temperatures. The
stated experimental uncertainty of the data of Jamieson and Tudhope [35] is 3 %,
which is substantially higher than the uncertainty of the data of Caldwell [33] and
Castelli et al. [35] and exceeds the average deviation between the predictions and the
data (i.e., 1.79 %).

Finally, Fig. 8 compares the predicted A versus 7' curves near vapor-liquid satura-
tion with the remaining seawater data that are available in the literature. The predictions
are in excellent agreement with the data of Caldwell [33] and Tufeu et al. [36]. The
agreement with the data of Castelli et al. [34] and Nukiyama and Yoshizawa [37]
is reasonable, but the deviations are somewhat higher than the stated experimental
uncertainty of these data. The data of Fabuss and Korosi [38] are in complete dis-
agreement with all other data and with the calculations, but it should be noted that
Fabuss and Korosi stated themselves that their data should be considered tentative.
Considering the limitations of the currently available data, new accurate experimental
measurements for seawater at high temperatures (above 350 K) would be very useful
for an unequivocal verification of the predictions.

It is also of interest to estimate the error that results from neglecting the Sr>*,
B(OH),~, B(OH)3, F~, and OH™ species. Since their concentrations in seawater are
low, their effect is accounted for by the AAS term. By applying the revised Riedel coef-
ficients for these species [13], it can be estimated that the seawater thermal conductivity
would change by only 0.002 % if these species were included in the calculations. Such
a deviation is much below the uncertainty of the most accurate measurements.

4.4 Simplified Calculations for Seawater

As described in Sect. 2, the thermal-conductivity model is mathematically simple and
non-iterative. The main complexity in its implementation lies in the calculation of
speciation, which needs to precede the actual computation of thermal conductivity.
As described in the Appendix and the references cited therein, speciation calculations
are complex and require a dedicated algorithm for solving the necessary equations.
Therefore, it is of interest to examine the possibility of making simplified predictions
without prior speciation calculations, i.e., by neglecting ion pairs and assuming that
the actual concentrations of ions are equal to their analytical (or nominal) concentra-
tions. In the thermodynamic model that is adopted here, NaCl and KClI are assumed
not to form ion pairs at temperatures up to 300°C. Thus, for NaCl + KCI + H,O
systems without any other ions, speciation calculations are not needed. If other ions
(cf., Table 2) are included, the population of ion pairs (cf., Table 4) would increase
with rising temperature and Ca, Mg, SO4, and CO3 content.

To estimate the effect of ion pairing on the thermal conductivity of seawater, calcu-
lations have been performed by eliminating ion pairs at high temperatures, at which
the concentration of ion pairs is the highest. These calculations reveal that the error
that results from neglecting ion pairing in reference-composition seawater is 0.006 %
at 200°C and rises to 0.094 % at 300°C. If the salinity is increased to 160 g - kg~!,
the corresponding errors are 0.009 % and 0.078 % at 200 °C and 300 °C, respectively.
These values are well below the experimental uncertainty, even at 300 °C. Thus, it can
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be concluded that the thermal conductivity of seawater can be computed with good
accuracy by using Eqgs. 1-9 directly without prior speciation calculations. Speciation
calculations are necessary only for systems with a substantially higher Ca, Mg, SOq4,
or CO3 content than that found in seawater.

5 Conclusions

A previously developed model for calculating the thermal conductivity of electro-
lyte solutions has been extended by incorporating pressure effects. The revised model
has been parameterized and validated for systems containing the Na®™, K+, Mg+,
Ca2t, Cl~, SO4%~, HCO3™, C032_, and Br™ ions. The thermal conductivities of
both binary and multicomponent systems have been reproduced with a consistent set
of parameters that reflect the contributions of individual species and species-species
interactions. With optimum parameters, the obtained deviations from experimental
data are comparable to experimental uncertainty. Overall, the model reproduces the
thermal conductivity at temperatures ranging from 273 K to 573 K, pressures up to at
least 1400 bar, and salt concentrations up to solid-liquid saturation.

Particular attention has been focused on predicting the thermal conductivity of sea-
water. Since the available experimental data for binary, ternary and quaternary systems
from the Na—K-Mg—Ca—Cl-SO4 family are far more comprehensive and consistent
than those for seawater, the available seawater data were not used to adjust the model
parameters. Instead, the model has been used to predict the thermal conductivity of
seawater and to analyze the reliability of the available data. Excellent agreement has
been obtained with the data of Caldwell [33] and Tufeu et al. [36] whereas the agree-
ment with other data sources ranges from fair to poor. In general, it is believed that the
model, when combined with the obtained parameters for the Na—K-Mg—Ca—Cl-SO4—
CO3-HCO3-Br systems, accurately predicts the thermal conductivity of seawater as
well as that of its constituent salts and salt mixtures.
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Appendix: Thermodynamic Speciation Model

Thermodynamic speciation calculations have been performed using a previously
developed model for multicomponent electrolyte systems [28-30]. This model,
referred to as mixed-solvent electrolyte model (MSE) was described in detail in pre-
vious papers [28-30] and, therefore, this appendix gives only a brief summary.

The thermodynamic framework combines an excess Gibbs energy formulation with
a treatment of speciation based on chemical equilibria. In this framework, the excess
Gibbs energy is expressed as

G ex ex ex ex
— IR O Usk
RT ~ RT ' RT ' RT

(AD)
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where G represents the contribution of long-range electrostatic interactions, G{f
accounts for specific ionic (ion—ion and ion—-molecule) interactions, and Gg’l‘2 is the
short-range contribution resulting from intermolecular interactions.

The long-range interaction contribution is calculated from the Pitzer—Debye—
Hiickel formula [40] expressed in terms of mole fractions and symmetrically nor-
malized, i.e.,

GSX 4A 1 1+ p1}?
RT = _(Zni) ;" e (A2)
=)o s ()

where the sum is over all species, I is the mole fraction-based ionic strength, / )?’ ; Tep-
resents the ionic strength when the system’s composition reduces to a pure component
i, 1.e., IBJ. = 0.511-2; p is assigned, following Pitzer [40], a universal dimensionless
value (p = 14.0), and A, is given by

1 62 3/2
Ay = = QaNpd) P | ——— A3
* 3( 7 Nads) dmegeskg T (A3)

where dg and &g are the molar density and dielectric constant of the solvent, respectively.
The specific ion—interaction contribution is calculated from an ionic strength-depen-
dent, symmetrical second virial coefficient-type expression:

i_ilf N _(Zi:ni)zi:;xijij (L) (A4)

where B;; (I;) = Bj; (I;), B; = Bj; = 0, and the ionic strength dependence of B;;
is given by

Bij (I,) = bjj + cij exp(—+/Ix + a1) (AS)

where b;; and c;; are binary interaction parameters and a; is set equal to 0.01. In their
most general form, the parameters b;; and ¢;; are calculated as functions of temperature
as

bij = b(),ij +b1,ijT + bz’,’j/T +b3,ijT2 + b4,ij InT (A6)
cij = coij+e1ijT +c2ij/T 4¢3 T +ca;jInT (A7)

Finally, the short-range interaction contribution is calculated from the UNIQUAC
equation [41]. In systems containing only strong electrolytes, such as the mixtures
considered here, the short-range term is not used and all interactions are accounted
for by Eq. A4.

The excess Gibbs energy model is used to calculate nonideality effects on ion pair-
ing equilibria. For example, the formation of an ion pair M, Xp(aq) is represented as a
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chemical equilibrium between M, Xj(aq) and its constituent simple ions, i.e., M"* and
X*~. The chemical equilibrium is governed by the chemical potentials of all species
that participate in a reaction. The chemical potential of each ionic or neutral species i
is determined by its standard-state contribution, u?(T, P) and its activity coefficient,
vi(T, P,x),1.e.,

i (T, P, x) = ud(T, P) + RT Inx;y;(T, P, x) (A8)

The standard-state chemical potentials for aqueous species, i} (T, P), are calculated as
functions of temperature and pressure using the Helgeson—Kirkham—Flowers—Tanger
(HKF) equation of state [42—46]. The parameters of the HKF model are available for
a large number of aqueous species including ions and ion pairs [47-51]. Since the
standard-state properties calculated from the model of Helgeson et al. are based on the
infinite dilution reference state and on the molality concentration scale, the activity
coefficients calculated from Eq. A1 are first converted to those based on the unsymmet-
rical reference state, i.e., at infinite dilution in water and, second, the molality-based
standard-state chemical potentials are converted to corresponding mole fraction-based
quantities [28].

The parameters of the model are determined using thermodynamic data of vari-
ous types (i.e., vapor-liquid equilibria, activity and osmotic coefficients, solid—liquid
equilibria, enthalpies of dilution or mixing, heat capacities, and densities) as described
in previous studies [28,52]. The standard-state properties of all species (i.e., ions and
ion pairs) are summarized in Table 4 and the interaction parameters (Eqs. A6 and A7)
are collected in Table 5. These two tables provide a complete set of parameters for
speciation calculations in aqueous Na—K—Ca-Mg—Cl-SO4—HCO; —CO3 systems.
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