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Thermal Conductivity of Binary Aqueous NaBr and KBr and
Ternary HoO + NaBr + KBr Solutions at Temperatures from (294 to
577) K and Pressures up to 40 MPa

Ilmutdin M. Abdulagatov,*"* Lala A. Akhmedova-Azizova,’ and Nazim D. Azizov®

Institute for Geothermal Problems of the Dagestan Scientific Center of the Russian Academy of Sciences,
367003 Shamilya Str. 39-A, Makhachkala, Dagestan, Russia, and Azerbaijan State Oil Academy,
Baku, 370601, Azerbaijan

The thermal conductivity of four binary aqueous NaBr solutions of (10, 20, 30, and 38) mass %, three
binary aqueous KBr solutions of (10, 20, and 30) mass %, and three ternary aqueous NaBr + KBr solutions
of (10NaBr + 5KBr, 10NaBr + 10KBr, and 10NaBr + 20KBr) mass % have been measured with a
concentric-cylinder (steady-state) technique. Measurements were made near the saturation curve of (0.1
to 2) MPa and at two isobars of (10 and 40) MPa. The range of temperature was (294 to 577) K. The total
uncertainty in the thermal conductivity, pressure, temperature, and composition measurements was
estimated to be less than 2%, 0.05%, 30 mK, and 0.02%, respectively. The temperature, pressure, and
concentration dependence of the thermal conductivity of binary and ternary solutions were studied. The
measured values of thermal conductivity were compared with data and correlations reported in the
literature. The reliability and accuracy of the experimental method was confirmed with measurements
on pure water with well-known thermal conductivity values. The experimental and calculated values of
thermal conductivity for pure water from the IAPWS formulation show excellent agreement within their
experimental uncertainties (AAD within 0.51%) in the temperature range from (290 to 575) K and at
pressures up to 40 MPa. Correlation equations for the thermal conductivity of the binary solutions studied
were obtained as a function of temperature, pressure, and composition by a least-squares method from
the experimental data. The AAD between measured and calculated values from this correlation for the

thermal conductivity was 1.5%.

Introduction

Transport properties, particularly the thermal conduc-
tivity of aqueous electrolyte solutions, are useful in many
industrial and scientific applications such as the chemical
industry, desalination processes, geochemistry, calculation
of design parameters, development and utilization of
geothermal and ocean thermal energy, geology and min-
eralogy, hydrothermal synthesis, and in the prediction of
heat- and mass-transfer coefficients. To understand and
control those processes that used electrolyte solutions, it
is necessary to know their thermodynamic and transport
properties. The properties of electrolyte solutions are also
important for environmental and regulatory-related ap-
plications. The treatment of wastewater and flue and vent
gases often requires accurate electrolyte solution properties
data. The thermal conductivity of electrolyte solutions is
also a research interest because the long-range electrostatic
interactions presented cause difficulty in describing such
systems. Available theoretical models still cannot treat real
system as they are met in practice. (For example, complex
ionic solutions are extremely difficult.) Better predictive
models should be developed on the basis of reliable
experimental information on thermodynamic and transport
properties data. However, measurements of the thermal
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conductivity of aqueous salt solutions have so far been
limited to rather narrow ranges of temperature, pressure,
and concentration with less satisfactory accuracy.

The main objective of the paper is to provide new
accurate experimental thermal conductivity data for binary
H20 + NaBr and HyO + KBr and ternary HoO + NaBr +
KBr solutions at high temperatures (up to 577 K) and high
pressures (up to 40 MPa) for compositions up to 40 mass
%. The present results considerably expand the tempera-
ture, pressure, and concentration ranges in which thermal
conductivity data for aqueous NaBr, KBr, and NaBr + KBr
solutions are available. This work is part of a continuing
program on the transport properties (thermal conductivity
and viscosity) of electrolytes in aqueous solutions. In
previous studies,! 15 we measured the thermal conductivity
of 30 aqueous salt solutions at high temperatures (up to
573.15 K) and high pressures (up to 100 MPa) using coaxial
cylinders and parallel-plate techniques. Thermal conduc-
tivity for the binary HoO + NaBr and H,O + KBr solutions
has been previously studied by several authors.10:16-28 Table
1 shows all available thermal conductivity data sets for
binary H;O + NaBr and HyO + KBr solutions. In this
Table, the first author is given together with the method
employed, the uncertainty of the measurements, and the
temperature, pressure, and concentration ranges. Some of
the reported thermal conductivities are inaccurate and
inconsistent. As one can see from Table 1, three methods
(coaxial cylinders, parallel plate, and transient hot-wire)
were employed to measure the thermal conductivity of
binary HyO + NaBr and H,O + KBr solutions. A literature
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Table 1. Summary of the Thermal Conductivity Measurements for Aqueous NaBr and KBr Solutions

first author year T/K P/MPa 100w/mass % method uncertainty/% salt
Rastorguev!6 1984 293—473 100 3—-15 CCe 1.2 to 1.5 NaBr
Abdulagatov!? 2001 293—-473 100 2.5—-25 PP 1.6 KBr
Eldarov!? 1986 293—-473 30 0—-50 CC 1.8 NaBr
Abdullaev!® 1981 293—473 30 0-50 CC 2.0 KBr
Magomedov!? 1989 293—-603 100 15—-23 PP 1.6 NaBr
Safronov2® 1990 293—-473 100 4.4-19.7 CC 1.5 KBr
Safronov?! 1990 293—473 100 5-10 CC 1.5 NaBr
KBr
Zaytsev?324 1998 293—473 0.1 0—40 PP na NaBr
KBr
0.1
Riedel?> 1951 293 0.1 5—40 CC, PP 1.0 NaBr
5-50 KBr
Kapustinskii26 1955 273—398 0.1 2—50 PP 0.1 NaBr
KBr
Vargaftik?? 1956 293—-303 0.1 0—20 THW na KBr
this work 2004 294-577 40 10—38 CC 2.0 NaBr
10—-30 KBr

@ CC, coaxial cylinders; PP, parallel plate; THW, transient hot wire; na, no uncertainty given in source reference.

survey revealed that there are no thermal conductivity data
for ternary aqueous NaBr + KBr solutions.

Abdulagatov and Magomedov!? reported thermal con-
ductivity data for HoO + KBr solutions at pressures from
(0.1 to 100) MPa, at temperatures from (293.15 to 473.15)
K, and at compositions between (2.5 and 20.0) mass %.
Measurements were made by means of the parallel-plate
technique. The uncertainty in the thermal conductivity
measurements was about 1.6%. Magomedov!” used same
technique to measure the thermal conductivity of HoO +
NaBr solutions in the same temperature, pressures, and
concentration ranges. The results of measurements were
represented by the following correlation equations

Aot T,P,w) = A o(P, D1 — A(1000 +
2 x 104(100w)*)] — 2 x 10 °PT 100w (1)

Ao, T) =T x 10°°T° = 1.511 x 10 °T” + 8.802 x
107°T — 0.8624 + 1.6 x 107 °PT

where Ay (T, P, w) is the thermal conductivity of the
solution in W-m™1-K™1, Ay,0(P, T) is the thermal conductiv-
ity of pure water in W-m1-K~1, @ is the concentration in
mass fraction, T is the temperature in K, P is the pressure
in MPa, and A is the adjusting parameter. The values of
coefficient A in eq 1 for HoO + NaBr and H;O + KBr
solutions are 0.00305 and 0.0037, respectively.!® In the
limit of @ — 0, the thermal conductivity of pure water Am,0-
(P, T) is obtained from eq 1. This equation is applicable in
the temperature range from (273 to 473) K, pressures from
(0.1 to 100) MPa, and concentrations between (0 and 25)
mass %, although some reasonable extrapolation to high
concentrations is possible.

To calculate the thermal conductivity of dilute aqueous
solutions, Vargaftik and Os’'minin?’ used the following
relationship

A, o(T)

H,0

isol(T) = /1H20(293)

1,,1(293) 2)

where 14,1(293) = 598.95 mW-m~1-K~! and Ap,o(7) is the
thermal conductivity of pure water. As one can see from
this equation, the ratio between the thermal conductivity
at 293 K and at current temperature 7 is collinear with
that of pure water. This equation described the tempera-

ture dependence of the aqueous salt solutions within (1 to
2)% at temperatures up to 373 K.

DiGuilio,?° DiGuilio and Teja,?° and Bleazard et al.31:32
were able to extend the pressure range by multiply the
thermal conductivity of salt solutions A5, at atmospheric
pressure (P = 0.1 MPa) by the ratio of the thermal
conductivity of water at the desired pressure Am,0(P) to that
of water at P = 0.1 MPa:

A, o(P)

Ao(P) = [ —2
sl A,0(0.1)

A1(0.1) 3)
The prediction capability of eq 3 for some aqueous solutions
(H20 + ZnCly, H20 + CaCls, HoO + Bals) was studied by
Abdulagatov and Magomedov.38 At pressures up to 60 MPa
and concentrations of 100w < 20 mass %, deviations
between measured and predicted values of thermal con-
ductivity are less than 1.5%. At concentrations lower than
20 mass %, the agreement is excellent (within 0.5%). For
compositions above 20 mass % and pressures P > 60 MPa,
the deviations are slightly higher than the experimental
uncertainty (about 2%).

Chiquillo®® proposed the following equation for the
concentration dependence of the thermal conductivity of
aqueous solutions:

A = o1+ Agx + Agx®) 4)

where adjustable parameters A; are tabulated for several
electrolyte solutions (NaBr: A; = —0.0311191, A, = —0.0262
x 1073; KBr: A; = —0.0436497, A, = 0.2401 x 1073).

Riedel?5 proposed the following equation for the concen-
tration dependence of aqueous salt solutions:

Asol = Am,0 T Z ¢, (5)

where a(Na™) = 0.0, a(K") = —0.0065, and o(Br~) = —0.015
using the ionic contribution technique.

Aseyev?2 expressed available experimental thermal con-
ductivity datal6-18:232428 from the literature for binary and
ternary aqueous salt solutions by the equation

2=y o(1+ 100y B, (6)

=

where Am,0 is the thermal conductivity of pure water in
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W-m 1-K ! and w is the concentration in mass fraction. The
values of coefficients f; in eq 6 for NaBr and KBr solutions
are ;1 = —0.0033144 and ; = —0.0042368, respectively.
This equation is valid in the temperature range from (273
to 473) K and at concentrations up to 50 mass %.

Experimental Apparatus and Procedures

Apparatus and Construction of the Thermal Con-
ductivity Cell. The thermal conductivity of binary H,O +
NaBr and H;O + KBr and ternary HoO + NaBr + KBr
solutions was measured by a concentric-cylinders (steady-
state) technique. The experimental apparatus used in this
work is the same as that previously employed for the
measurement of HyO + LipSOy4, HoO + Zn(NOj)e, HoO +
Ca(N03)2, HQO + Mg(NO3)2, SI‘(NO3)2, and LINO3 solu-
tions.!1714 The apparatus and procedures that were de-
scribed previously!!~1* were used without modification.
Because the apparatus has been described in detail in our
previous papers,!1714 only a brief discussion will be given
here. The main part of the apparatus consisted of a high-
pressure autoclave, thermostat, and thermal conductivity
cell. The thermal conductivity cell consisted of two coaxial
cylinders: an inner (emitting) cylinder and an outer
(receiving) cylinder. The cylinders were located in a high-
pressure autoclave. The deviation from concentricity was
0.002 cm or 2% of the sample layer.

The autoclave was located in the thermostat. The
thermostat was a solid (massive) copper block. Tempera-
ture in the thermostat was controlled with a heater. The
thermostat is supplied with a three-section heating ele-
ment, PRT-10, and three chromel—alumel thermocouples
were located on three different levels of the copper block.
The temperature differences between various sections
(Ievels) of the copper block were within 0.02 K of each other.
Temperature was measured with a PRT and with three
chromel—alumel thermocouples. Thermocouples were lo-
cated on different levels of the thermostat to minimize
temperature inhomogeneities. One of the junctions of a
differential chromel—copel thermocouple was located in the
inner cylinder and was tightly applied to the cylinder’s wall.
The second junction of the thermocouple was located in the
shell capillary. Thermocouples were twice calibrated with
a standard resistance thermometer. The difference between
calibrations was 10 mK. The reading of the single ther-
mocouples differs by 10 mK. The measurements were
started when the differences in the readings of all of the
thermocouples were minimal (0.02 K).

Geometric Characteristics of the Thermal Conduc-
tivity Cell. The important dimensions of the thermal
conductivity cell are o.d. of the inner cylinder dy = (10.98
4+ 0.01) x 1073 m and i.d. of the outer cylinder d; = (12.92
+ 0.02) x 1073 m. The length of the measuring section of
the inner cylinder (emitter) is [ = (150 + 0.1) x 1073 m.
The gap between cylinders (thickness of the liquid gap) was
d = (0.97 & 0.03) x 1073 m. The choice of this gap was a
compromise between decreasing convection and an accom-
modation effect. The optimal value of the ratio of the length
[ to the diameter of the inner cylinder ds should be l/ds =
10 to 15.

The solution under investigation is confined in the
vertical gap of the cell. Pressure in the system was created
and measured with piston manometers MP-600 and MP-
60 with upper limits of measurement of 600 and 60 bar,
respectively. In the cell, heat was generated in the micro-
heater that consists of an isolated (high-temperature-
lacquer-covered) constantan wire of 0.1-mm diameter. A
microheater was mounted inside the inner cylinder (emit-

ter), which was closely wound around the surface of a
2-mm-diameter ceramic tube and isolated with high-
temperature lacquer. The tube is tightly fitted into the
heater pocket with diameter 6 mm on the inner cylinder.

Principle of Operation, Working Equation, and
Corrections. With this method, the heat generated in an
inner emitting cylinder is conducted radially through the
narrow fluid-filled annulus to a coaxial receiving cylinder.
In this method, the thermal conductivity 4 of the fluid was
deduced from measurements of heat @ transmitted across
the solution layer, the temperature difference AT between
the inner and outer cylinders, the thickness of the solution
layer d, the and effective length / of the measuring part of
the cylinder (effective length of the cylinders).

After taking into account all corrections, we can write
the final working equation for the thermal conductivity as

Qmeas - Qlos
A= AATmeas - ATcorr @

where A = In(do/d1)/27l is the geometric constant that can
be determined with geometrical characteristics of the
experimental cell; @peqs is the amount of heat released by
the calorimetric microheater; Qs is the amount of heat lost
through the ends of the measuring cell (end effect); AT corr
= ATq + ATy ATq and AT, are the temperature
differences in the cylinder walls and lacquer coat, respec-
tively; and ATyeqs is the temperature difference measured
with differential thermocouples. The values of A can be also
determined by means of a calibration technique using
thermal conductivity data for the reference fluid (pure
water, IAPWS34). The values of the cell constant deter-
mined with both geometrical characteristics of the experi-
mental cell and calibration techniques (pure water at
temperature 293.15 K) are 0.1727 m~! and 0.1752 m™1,
respectively. In this work, we used the value of A as a
function of temperature derived using the calibration
procedure with pure water (IAPWS34). The geometrical
constant A changes by 12% over the temperature range
from (293.15 to 750.15) K. The change in the cell size due
to pressure was considered negligible because of the low
volume compressibility of stainless steel (1X18HIT).

Because of the large emitter size and the small fluid
volume surrounding the emitter, no effect of accommoda-
tion was to be expected. The calibration of the cell was
made at a pressure of 60 MPa to avoid corrections due to
the accommodation effect.

It is difficult to estimate the values of @os and AT, by
calculation. In this work, the values of Qs and AT, were
estimated by measuring standard liquids (water) with well-
known thermal conductivity (IAPWS3¢ standard). Calibra-
tion was made with pure water at 10 selected temperatures
between (293.15 and 713.15) K and at 3 selected pressures
between (0.1 and 60) MPa. The amount of heat flow @ and
the temperature difference AT were 13.06 W and 3.5 K,
respectively. The estimated value of @ is about 0.05 W.
This value is negligible (0.38%) by comparison with the
heat transfer by conduction @ = 13.06 W.

Convection Heat Transfer. Convection heat transfer
increases with increasing values of the Rayleigh number
(Ra). To reduce the values of Ra, a small gap distance
between cylinders d = (0.97 + 0.03) x 1072 m was used.
This makes it possible to minimize the risk of convection.
Convection could develop when the Ra exceeds a certain
critical value Ra., which for vertical coaxial cylinders is
about 1000 (Gershuni?®?). Therefore, Ra > 1000 was con-
sidered to be a criterion for the beginning of convection.
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Table 2. Comparison between Experimental Thermal Conductivity Data and Values Calculated with IAPWS34 Standard

for Pure Water (AAD = 0.51%)

P/MPa =1.0 P/MPa = 10 P/MPa = 40
A/Wem-1-K-1 A/Wem-1.K-1 A/Wem-1.K-1
T/K this work TAPWS34 this work TAPWS34 this work TAPWS34
290.6 0.592 0.594 0.602 0.599 0.613 0.613
329.7 0.649 0.651 0.655 0.656 0.665 0.669
367.1 0.679 0.677 0.684 0.682 0.697 0.698
395.1 0.683 0.684 0.692 0.689 0.709 0.707
440.7 0.683 0.684 0.703 0.705
484.2 0.660 0.663 0.684 0.689
514.2 0.638 0.638 0.662 0.669
549.8 0.587 0.592 0.628 0.634
575.4 0.540 0.546 0.594 0.601

In the range of the present experiments, the values of Ra
were always less than 500, and Q... are estimated to be
negligibly small. The absence of convection can be verified
experimentally by measuring the thermal conductivity with
different temperature differences AT across the measure-
ment gap and a different power @ transferred from the
inner to outer cylinder. The measured thermal conductivity
data were indeed independent of the applied temperature
differences AT and power @ transferred from the inner to
outer cylinder.

Heat Transfer by Radiation. Any conductive heat
transfer must be accompanied by simultaneous radiative
transfer. The correction depends on whether the fluid
absorbs radiation. If the fluid is entirely transparent, then
the conductive and radiative heat fluxes are additive and
independent and the simple correction given by Healy et
al.3% is adequate and usually negligible. When the fluid
absorbs and re-emits radiation (partially transparent), the
problem is more complicated because then the radiative
and conductive fluxes are coupled. The inner and outer
cylinders were perfectly polished with powder of succes-
sively smaller grain size (320 nm); their emissivity (¢ =
0.32) was small, and the heat flux arising from radiation
Q@:rad 1s negligible by comparison with the heat transfer by
conduction in the temperature range of our experiment.
To minimize the heat transfer by radiation, a solid material
(stainless steel 1X18HIT) of low emissivity was used for
the cylinders, and thin layers of fluid (from 0.97 mm) were
used. In this way, heat transport by radiation can be
strongly reduced compared to the heat transport by con-
duction. The correction for absorption is therefore small
for pure water and for aqueous solutions in the tempera-
ture range up to 600 K, and we assumed that it was
negligible. Its influence on the uncertainty of the thermal
conductivity is relatively small.

The emissivity of the walls was small, and Q:aq is
negligible (~0.164 W) by comparison with the heat transfer
(13.06 W) by conduction in the temperature range of our
experiment.

Assessment of Uncertainties. The uncertainty analysis
was carried out similarly to that in previous work (Abdu-
lagatov et al.ll). Measurement uncertainties were associ-
ated with uncertainties that exist in measured quantities
contained in working eq 7 used to compute the thermal
conductivity from experimental data. The thermal conduc-
tivity was obtained from the measured quantities A, @, 7',
AT, P, and w. The accuracy of the thermal conductivity
measurements was assessed by analyzing the sensitivity
of eq 7 to the experimental uncertainties of the measured
quantities.

Because the uncertainties of the measured values d1, ds,
and [ are 0.15%, 0.09%, and 0.07%, respectively, the
corresponding uncertainty of A is 0.5%. The experimental

uncertainty of the concentration is estimated to be 0.02%.
The uncertainties of temperature and pressure measure-
ments are 67 = 0.02 K and 6p = 0.03 MPa at a pressure of
60 MPa. The corresponding uncertainty of the thermal
conductivity measurement related to the uncertainties of
temperature and pressure measurements is estimated to
be less than 0.006%. The uncertainty of the heat flow @
measurement is about 0.1%. To make sure the cell was at
equilibrium, the measurements were started 10 h after the
time when the thermostat temperature reached the pre-
scribed temperature. About five to six measurements are
carried out at one state, and the average value of the
thermal conductivity is calculated. The reproducibility
(scattering of the different measurements) of the measure-
ments is about 0.5%. From the uncertainty of the measured
quantities and the corrections mentioned above, the total
maximum relative uncertainty 0A/4 in measuring the
thermal conductivity was 2%.

Performance Tests. To check and confirm the accuracy
of the method and the procedure of the measurements,
thermal conductivity data were taken for pure water in the
temperature range from (290.6 to 575.4) K at pressures
up to 40 MPa. Table 2 provides a detailed comparison of
present test measurement results for pure water with the
reference data for water (IAPWS?4). Table 2 demonstrates
that the agreement between test measurements for pure
water and IAPWS34 calculations is excellent; deviation
statistics are AAD = 0.51, bias = —0.34, std dev = 0.55,
std err = 0.12, and max dev = 1.18%. Excellent agreement
is also found between the present thermal conductivity
results for pure water and the data reported by other
authors (AAD within 0.2 to 1.2%) and reference data
reported by Ramires et al.3” (AAD = 0.3%). This excellent
agreement for test measurements confirms the reliability
and accuracy of the present measurements for binary (HsO
+ NaBr and H;O + KBr) and ternary (HoO + NaBr + KBr)
solutions and corrects the operation of the instrument.

The solutions at the desired composition were prepared
by mass. The composition was checked by a comparison of
the density of solutions at 293.15 K and 0.1 MPa with
reference data.

Results and Discussion

Measurements of the thermal conductivity for the binary
aqueous NaBr solutions were performed near the satura-
tion curve (0.1 to 2 MPa) and along two isobars (10 and
40) MPa between (294 and 577) K for four compositions,
namely, (10, 20, 30, and 38) mass %. For binary aqueous
KBr solutions, measurements were made at the same
isobars for three compositions of (10, 20, and 30) mass %
between (294 and 576) K. For the three ternary solutions
(HoO + 10% NaBr + 5% KBr, H,O + 10% NaBr + 10%
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Table 3. Experimental Thermal Conductivities (A/W-m1-K-1), Pressures, Temperatures, and Concentrations of Binary

H>0 + NaBr Solutions

100w/mass % = 10

100w /mass % = 20

T/K P/MPa =0.1to 2 P/MPa = 10 P/MPa = 40 T/K P/MPa =0.1to 2 P/MPa =10 P/MPa = 40
294.3 0.580 0.586 0.596 296.0 0.560 0.565 0.575
321.7 0.618 0.624 0.635 319.9 0.595 0.599 0.609
354.2 0.648 0.653 0.664 350.2 0.624 0.628 0.639
378.6 0.659 0.663 0.674 377.9 0.637 0.642 0.653
399.2 0.664 0.669 0.679 396.5 0.643 0.648 0.659
427.5 0.664 0.671 0.682 429.2 0.643 0.649 0.659
453.7 0.652 0.659 0.672 450.6 0.632 0.638 0.652
486.2 0.639 0.660 483.2 0.618 0.634
515.3 0.611 0.634 519.4 0.583 0.601
542.7 0.576 0.604 547.6 0.546 0.571
577.3 0.525 0.566 576.2 0.504 0.535

100w/mass % = 30 100w /mass % = 38

T/K P/MPa = 0.1 to 2 P/MPa = 10 P/MPa = 40 T/K P/MPa =0.1-2 P/MPa =10 P/MPa = 40
297.2 0.537 0.541 0.550 294.7 0.504 0.512 0.525
323.9 0.573 0.578 0.587 319.6 0.531 0.536 0.549
357.7 0.601 0.608 0.617 347.2 0.560 0.565 0.578
380.2 0.610 0.617 0.627 374.5 0.580 0.589 0.603
401.0 0.615 0.623 0.633 398.7 0.585 0.593 0.609
426.4 0.614 0.624 0.637 424.5 0.585 0.593 0.609
455.0 0.600 0.608 0.621 456.7 0.572 0.583 0.600

483.2 0.569 0.590
515.7 0.535 0.565
541.3 0.504 0.539
576.5 0.454 0.494

Table 4. Experimental Thermal Conductivities, Pressures, Temperatures, and Concentrations of Binary H,O + KBr

Solutions

100w /mass % = 10

100w/mass % = 20

T/K P/MPa = 0.1 to 2 P/MPa = 10 P/MPa = 40 T/K P/MPa = 0.1 to 2 P/MPa = 10 P/MPa = 40
294.7 0.578 0.582 0.592 296.8 0.553 0.557 0.565
320.9 0.612 0.617 0.628 325.4 0.589 0.595 0.602
354.8 0.644 0.650 0.662 351.2 0.616 0.620 0.629
381.3 0.661 0.669 0.682 387.6 0.634 0.638 0.647
403.2 0.661 0.667 0.683 406.2 0.632 0.638 0.648
425.9 0.657 0.662 0.681 431.2 0.628 0.634 0.646
457.6 0.643 0.650 0.665 456.9 0.616 0.623 0.635
488.2 0.628 0.650 481.3 0.609 0.623
519.3 0.598 0.622 520.6 0.575 0.592
543.2 0.569 0.597 547.6 0.539 0.564
571.9 0.522 0.550 571.3 0.501 0.534

100w/mass % = 30
T/K P/MPa=0.1to2 P/MPa =10 P/MPa = 40
295.7 0.521 0.525 0.532
321.4 0.554 0.559 0.569
357.6 0.588 0.591 0.601
384.2 0.601 0.605 0.616
409.6 0.600 0.606 0.618
427.2 0.598 0.604 0.616
463.1 0.582 0.586 0.599
494.2 0.564 0.579
516.3 0.542 0.562
539.7 0.511 0.538
575.6 0.455 0.496

KBr, and Hy;O + 10% NaBr + 20% KBr), measurements
were made in the same temperature and pressure ranges.
The experimental temperature, pressure, composition, and
thermal conductivity values are presented in Tables 3 to
5. The values of Tae = T1 + 0.5AT, where T, is the
temperature of the outer cylinder and AT is the tempera-
ture difference across the measurement gap, were accepted
as experimental temperatures. Some selected experimental
results are shown in Figures 1a and b to 5a and b in the 4
—T,A— P,and 1 — w spaces together with values reported
by other authors and calculated from various correlation
equations from the literature. The thermal conductivity of
solutions was measured as a function of temperature at

constant pressure for various compositions. In Figures 1la
and b and 2a and b, the temperature dependence data of
the measured values of thermal conductivity for H,O +
NaBr and Hy0 + KBr solutions near the saturation curve
(0.1 to 2 MPa) and along isobar 40 MPa and a composition
of 10 mass % of salt are presented. As one can see, on each
isopleth—isobar 4 — T curve, the thermal conductivity of
solutions increases with temperature, passes through a
maximum between (400 and 427) K for HoO + NaBr and
between (403 and 410) K for H,O + KBr depending on
pressure and concentration, and decreases at higher tem-
peratures such as that for pure water. For pure water, this
maximum occurs at temperatures between (409 and 421)
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Table 5. Experimental Thermal Conductivities, Pressures, Temperatures, and Concentrations of Ternary HO + NaBr +
KBr Solutions

100w/mass % 100w/mass % 100w/mass %
= 10NaBr+5KBr = 10NaBr + 10KBr = 10NaBr + 20KBr
P/MPa P/MPa P/MPa P/MPa P/MPa P/MPa P/MPa P/MPa P/MPa
T/K =0.1to2 =10 =40 T/K =0.1to2 =10 =40 T/K =0.1to2 =10 =40
296.8 0.570 0.575 0.585 295.3 0.556 0.563 0.570 297.4 0.540 0.545 0.556
325.6 0.611 0.616 0.624 3184 0.587 0.593 0.605 322.9 0.575 0.580 0.589
347.7 0.630 0.635 0.647 349.3 0.618 0.625 0.634 354.1 0.602 0.607 0.618
382.1 0.654 0.660 0.666 378.8 0.635 0.638 0.647 377.8 0.615 0.621 0.629
411.9 0.651 0.657 0.665 404.7 0.637 0.641 0.653 407.3 0.620 0.626 0.636
440.4 0.650 0.661 438.7 0.630 0.636 0.650 429.5 0.617 0.623 0.634
472.9 0.635 0.645 476.1 0.615 0.630 454.6 0.604 0.610 0.622
507.9 0.602 0.620 505.3 0.593 0.608 486.8 0.586 0.593 0.604
539.6 0.560 0.590 542.8 0.547 0.566 509.1 0.569 0.575 0.587
577.3 0.507 0.535 568.3 0.507 0.527 538.0 0.533 0.540 0.558
573.9 0.472 0.480 0.516
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Figure 1. Measured values of thermal conductivity of HoO + NaBr (a) and HeO + KBr (b) as a function of temperature near the saturated
curve (0.1 to 2) MPa together with data and correlations reported by other authors in the literature. HoO + NaBr (a): @, this work; O,

El'daraov;!” B, Magomedov;'® O, Riedel;25 A, Rastorguev et al.;'® x, Aseyev;?2 —, Chiquillo®? (eq 4); — — —, Magomedov!? (eq 1); — *=+ —
ees — «o« Vargaftik and Os’minin.2” HoO + KBr (b): @, this work; O, EI'daraov;!” B, Abdulagatov and Magomedov;1° O, Riedel;2> A, Safronov
et al.;20:21 x Aseyev;22 —, Chiquillo3? (eq 4); — — —, Abdulagatov and Magomedov!? (eq 1); — +** — =+ — +++, Vargaftik and Os’minin.2’
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Figure 2. Measured values of thermal conductivity of HoO + NaBr (a) and HsO + KBr (b) as a function of temperature along the
selected isobar of 40 MPa and concentration of 10 mass % together with values reported by other authors in the literature and calculated
with various correlation and prediction equations. HoO + NaBr (a): @, this work; B, Magomedov;!® A, Rastorguev et al.;16 x, Aseyev;22

—, Chiquillo®3 (eq 4); — — —, Magomedov!? (eq 1); — **+ — +*+ — +*+, Vargaftik and Os’'minin.2” HoO + KBr (b): @, this work; B, Abdulagatov
and Magomedov;!® A, Safronov et al.;2%-21 — Chiquillo33 (eq 4); — — —, Abdulagatov and Magomedov!® (eq 1); — =+ — +=+ — +++, Vargaftik
and Os’minin.2”

K as pressure changes from (20 to 60) MPa. Therefore, (0M/3T)p,, = 0, where the isobar—isopleth maximum of the
adding salt slightly shifts the thermal conductivity thermal conductivity occurred, can be calculate using eq 1
maximum to high temperatures. Abdulagatov and as

Magomedov36~10 studied the pressure and composition y "

dependence of the thermal conductivity maximum for T (P, w) = a _ (a_ _ b) (8)
aqueous salt solutions. The values of temperature for which m 2 4
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Figure 3. Measured values of thermal conductivity of HoO + NaBr (a) and H20 + KBr (b) as a function of pressure along the selected

isotherm of 373.15 K and concentration of 10 mass % together with values calculated with correlation equations and reported data from
the literature. HoO + NaBr (a): @, this work; O, E'darov;'” B, Magomedov;!® O, Rastorguev et al.;1¢ x, Aseyev;22 —, Magomedov'? (eq 1);

— — —, DiGuilio et al.2%30 and Bleazard et al.31:32 (eq 3); — + — * — , pure water (IAPWS34). HoO + KBr (b): @, this work; O, E'darov;'7 W,
Abdulagatov and Magomedov;!? O, Safronov et al.;2021 A, Abdullaev et al.;!8 — Abdulagatov and Magomedov!® (eq 1); — — —, DiGuilio et
al.2930 and Bleazard et al.3132 (eq 3); — + — - — , pure water (IAPWS34).
a b oe
0.66
0.64
0.62
%
'§ e 0.60
= S
_ 0.58
L 0.56 .
x s
0.54 X
osgl—e e ol
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45
1000y mass % 100w mass %

Figure 4. Measured values of thermal conductivity of HoO + NaBr (a) and H20 + KBr (b) as a function of composition at a selected
temperature of 453.15 K near the saturated curve together with values calculated from various correlations and the data reported in the
literature. HoO + NaBr (a): @, this work; O, El’darov;!” M, Magomedov;!° O, Rastorguev et al.;'¢ x, Aseyev;?2 —, Magomedov'® (eq 1); —

— —, Riedel;25 — + — + — - , Chiquillo®? (eq 4). H:O + KBr (b): @, this work; O, E'darov;!” B, Abdulagatov and Magomedov;!° O, Safronov
et al.;2021 x| Aseyev;?2 —, Abdulagatov and Magomedov!® (eq 1); — — —, Riedel;?5 — + — - — - , Chiquillo® (eq 4).
where water, especially at high concentrations and high temper-

atures (Figure 3a and b). The magnitude of the increase

b= at a pressure of 40 MPa and a temperature of 373 K is
4.191429 x 10°+ P[76.19-76.19A(w — 2 x 10"*0”) — 0.952380] about (2 to 2.5)%. The slope of the water isotherms (1 — P)
1-Alw— 2 x 10 40? is higher than the slopes of the solutions isotherms,

especially at high concentrations. At high pressures (40

and MPa) and high concentrations (20 mass %), the absolute

values of the thermal conductivity of water are higher
(about 8—12%) than those of solutions. At low pressures
(10 MPa) and low concentrations (10 mass %), differences

a = 1439.0476.

The maximum temperatures of the thermal conductivity

of HyO + NaBr calculated with eq 8 at pressures of (0.1 between pure water and solution thermal conductivities
and 40) MPa and at composition of 10 mass % are (405.57 is about (5 to 8)%.
and 409.82) K, respectively. Pure water shows the maxi- The composition dependences of the measured thermal
mum thermal conductivity almost at the same tempera- conductivities for HoO + NaBr and HyO + KBr solutions
tures for the same pressures. for the selected isotherm 453.15 K and at pressures of (0.1
Figure 3a and b shows the results of the thermal to 2) MPa (near the saturated curve) are shown in Figure
conductivity measurements for HoO + NaBr and H,O + 4a and b together with data reported by other authors. The
KBr solutions as a function of pressure for a selected thermal conductivity of the solution monotonically de-
composition (10 mass %) and temperature (373.15 K). creases with composition. As one can see from Figure 4a
Along each isopleth—isotherm, the thermal conductivity and b, the composition dependence of the thermal conduc-
increases almost linearly as the pressure increase at tivity exhibits a small curvature at high compositions (100w

pressures up to 40 MPa and is not parallel to those of pure > 20 mass %). Extrapolation of the high-composition
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Figure 5. Measured values of thermal conductivity of ternary HoO + NaBr + KBr solutions as a function of temperature for various
compositions of KBr together with values for binary HoO + NaBr and H2O + KBr solutions. (a) P = 0.1-2 MPa: O, H,O + 10% NaBr +
0% KBr; ®, HoO + 10% NaBr + 5% KBr; O, HoO + 10% NaBr + 10% KBr; HoO + 10% NaBr + 20% KBr. (b) P = 40 MPa: O, HyO + 10%
NaBr + 0% KBr; ®, HoO + 10% NaBr + 5% KBr; O, HyO + 10% NaBr + 10% KBr; H2O + 10% NaBr + 20% KBr. —, Aseyev?2 (calculated

with eq 6).
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Figure 6. Percentage thermal conductivity deviations, 64 = 100-
(Aexp — Acal)/Acal, of the experimental thermal conductivities for
ternary HoO + 10% NaBr + KBr solutions from the values
calculated with correlation eq 6. P = 0.1-2 MPa: @, 5 mass %; H,
10 mass %; A, 20 mass %. P = 40 MPa: O, 5 mass %; O, 10 mass
%; A, 20 mass %.

measurements to zero concentration (w — 0) gives values
in good agreement with the data for pure water (Figure
4a and b) calculated with the TAPWS3* formulation.
Figure 5a and b shows the temperature dependences of
the thermal conductivity of three ternary solutions HoO +
10% NaBr + 5% KBr, HoO + 10% NaBr + 10% KBr, and
HyO + 10% NaBr + 20% KBr together with values for
binary solution HoO + 10% NaBr along isobar 40 MPa and
near the saturation curve (0.1 to 2 MPa). This Figure also
contains the values of thermal conductivity for ternary
solutions calculated with correlation eq 6 (Aseyev??). The
agreement between experimental and calculated values for
the ternary HoO + 10% NaBr + KBr solutions is within
0.8% at temperatures up to 473 K where eq 6 is valid.
Above 473 K (extrapolated to high temperatures), the
deviations increased to (3 to 7)%. A deviation plot is shown
in Figure 6. The deviation statistics are AAD = 0.84, bias
= 0.23, std dev = 1.02, std err = 0.16, max dev = 2.7, and
N = 50. Excellent agreement within 0.5% between mea-
sured and calculated values of the thermal conductivity is
found at low concentrations (100w < 20 mass % KBr). At
a concentration of 20 mass %, calculated values are
systematically lower (about 0.8% at T < 473 K) than
measured values. Figure 5a and b show that adding 5%
and 20% of the third component (KBr) in the binary HsO
+ 10% NaBr solution decreasing the thermal conductivity
of the ternary solution by 2% and 5%, respectively.
Figures 1a and b to 4a and b demonstrated the direct
comparison of the present measurements of thermal con-
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Figure 7. Percentage thermal conductivity deviations, 4 = 100-
(Aexp — Acal)/Acal, of the experimental thermal conductivities for HoO
+ NaBr and H20 + KBr solutions from the values calculated with
eq 1. HoO + NaBr: O, 10 MPa and 20 mass %; ®, 40 MPa and 20
mass %; O, 10 MPa and 10 mass %; B, 40 MPa and 10 mass %; A,
10 MPa and 30 mass %; A, 40 MPa and 30 mass %; ¢, 40 MPa
and 38 mass %; ¢, 10 MPa and 38 mass %. HoO + KBr: O, 40
MPa and 10 mass %; @, 10 MPa and 10 mass %; 0O, 40 MPa and
20 mass %; B, 10 MPa and 20 mass %; A, 40 MPa and 30 mass %;
A, 10 MPa and 30 mass %.

ductivity for HoO + NaBr and H;O + KBr solutions with
the data reported by other authors and values calculated
with various correlation equations from the literature.
These Figures contain the values of thermal conductivity
for HoO + NaBr and HyO + KBr measured by various
authors from the literature (Table 1) and calculated with
correlation eqs 1 to 6 together with the present results.
The deviation plots between the present data and values
calculated with correlation eq 1 are given in Figure 7. The
deviation statistics of the comparisons between the present
thermal conductivity data and the values calculated with
correlation eq 1 for H,O + NaBr and H;O + KBr solutions
are given in Table 6. For all of the data, the AAD values
are 0.83% and 0.92%, respectively, for HoO + NaBr and
H,0 + KBr solutions. Only the extrapolation of eq 1 to high
temperatures (above 473.15 K) and to high compositions
(above 25 mass %) represents the thermal conductivity of
H;0 + NaBr and HyO + KBr solutions with an accuracy
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Table 6. Deviation Statistics for H:O + NaBr and H;O +
KBr Solutions soo| ©U5" a
v [

deviation H50 + NaBr H,0 + KBr v E “gm

AAD 0.83 0.92 seor L
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Figure 8. Percentage thermal conductivity deviations, 4 = 100-
(Aexp — Acal)/Acal, of the experimental thermal conductivities for HoO
+ NaBr and H2O + KBr solutions from the values reported by
other authors at a temperature of 293.15 K and atmospheric
pressure. HoO + NaBr: @, Eldarov;!” O, Kapustinskii and
Ruzavin;26 O, Riedel;2> M, Magomedov.!® HoO + KBr: O, Riedel;2>
A, Rastorguev et al.;!6 O, Kapustinskii and Ruzavin;26 A, Vargaftik
and Os’minin;2” B, Abdulagatov and Magomedov.10
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Figure 9. Thermal conductivity of a series of aqueous solutions
as a function of concentration at a pressure of 0.1 MPa and a
temperature 293.15 K. ®, KBr (this work); O, KC1 (Abdulagatov
and Magomedov?); A, KI (Abdulagatov and Magomedov!?); O, KF
(Riedel?); +, KNOy (Riedel?’); v, KOH (Riedel?®); m, K2COs3
(Riedel??); ¢, K4Fe(CN)s (Riedel?®); x , KoCrOy4 (Aseyev??); V, Ks-
PO, (Aseyev?3).

that slightly exceeds the experimental uncertainty (2%).
Excellent agreement (within 0.2 to 0.5%) is found between
the present data and values reported by Riedel?” and
Vargaftik and Os’minin?’ (deviation plot, Figure 8). Figure

Table 7. Parameters a;j. of Equation 9

5 10 15 20 25 30 35 40 45 50 55
100e mass %

Figure 10. Thermal conductivity of a series of aqueous solutions
reported by various authors as a function of composition at a
selected temperature of 293.15 K and a pressure of 0.1 MPa. @,
KBr (this work); O, CdBry (Abdulagatov and Magomedov®); A,
CaBr; (Abdulagatov and Magomedov'?); O, SrBre (Abdulagatov
and Magomedov?); x , NaBr (this work); ¢, LiBr (Abdulagatov
and Magomedov?); Ao, MgBr; (Riedel?5); ¢, BaBres (Magomedov!?);
M, CoBr; (Aseyev??); V, CsBr (Aseyev?2).

3b demonstrates that the data reported by Abdullaev et
al.!® for H,O + KBr solutions at 373.15 K and 10 mass %
is systematically higher (by 1.0 to 1.5%) than the present
data and the other data sets. Figure 4a and b also
illustrates the good consistency of the concentration de-
pendence of the thermal conductivity for H,O + NaBr and
H;0 + KBr solutions measured in the present work and
reported by other authors.10-16-28

The excellent agreement within (0.3 to 0.6)% is observed
between the present thermal conductivity results for H,O
+ NaBr and H;O + KBr solutions and the values predicted
with correlation eqgs 2 to 4 (Figures 1 to 3a and b).

Figures 9 and 10 include the thermal conductivity data
of a series of aqueous solutions with the same cation (K*)
and various anions (Br~, Cl-, I, F~, NOy~, OH-, CO3~,
CrO4, and PO4~, Figure 9) and the same anion (Br ~ ) and
various cations (K*, Na*, Lit, Ca*, Mg™*, Ba*, Co™, Sr ™,
Cd*, and Cs™ , Figure 10) as a function of concentration.
These Figures demonstrate the effect of various anions and
cations on the values and behavior of the thermal conduc-
tivity of salt solutions. As one can see from Figure 9, the
H>0 + KBr and Hy0 + KI solutions had the lowest values
of thermal conductivity among aqueous solutions (KCI,
KBI‘, KF, KNOQ, KgCOg, K4F€(CN)6, KQCI‘O4, and K3PO4)
at the same thermodynamic (P, T, w) conditions, whereas
the thermal conductivity of the HoO + KOH solution had
the highest values. Figure 10 demonstrates the concentra-

H>0 + NaBr
1=0 i=1 1 =2

k j=0 j=1 j=0 j=1 j=0 j=1

0 0.5714 x 10° 5.0420 x 1074 —1.6139 x 1072 —3.267 x 1075

1 1.6098 x 1073 —3.6809 x 10°6 2.9323 x 1077 2.993 x 1077

2 —6.0180 x 1076 3.6510 x 1078 1.3233 x 1077 —-1.331 x 1078 —1.448x 1078 1.687x 1079
H20 + KBr

i1=0 i=1 1=2

k j=0 j=1 j=0 j=1 j=0 j=1

0 0.5639 x 10° 4.9280 x 1074 —2.1711 x 1072 2.5987 x 1075

1 —1.5765 x 1073 2.1105 x 1076 1.0472 x 1075 —1.7914 x 1076

2 —6.0186 x 1076 8.3640 x 1078 3.0810 x 1077 —5.3400 x 1078 —7.6950 x 1078 1.0053 x 1078



1736 Journal of Chemical and Engineering Data, Vol. 49, No. 6, 2004

tion dependence of the thermal conductivity of alkali
bromides (NaBr, KBr, CdBry, LiBr, SrBry, CaBrs, CoBrs,
CsBr, and MgBrs). Among these solutions, H,O + NaBr
and H,O + KBr have intermediate values of thermal
conductivity.

The results of the (4, P, ¢, m) measurements for HoO +
NaBr and HyO + KBr solutions were represented by the
equation

1 1 2
AW-m ™K = Z’Z; am'P'tt 9)
EEk

where 1 is the thermal conductivity of the solution, ¢ is the
temperature in °C, P is the pressure in MPa, and m is the
composition in molality. At high concentrations (>1 m),
nonlinear terms for the composition dependence in eq 9
have to be included. Equation 9 describes the thermal
conductivity of HoO + NaBr and HO + KBr solutions with
an accuracy that does not exceed the experimental uncer-
tainty. The average absolute deviation between values
measured and calculated with eq 9 is 1.5%. The coefficients
of eq 9 have been determined using fitting procedure. The
derived values of coefficients a;;, b;j, c;j, and d;; in eq 9 for
Hy0 + NaBr and HyO + KBr solutions are given in Table
7. Equation 9 is valid in the temperature range from (293
to 580) K, at pressures up to 40 MPa, and for composition
up to 4 m.

Conclusions

The thermal conductivity of four aqueous NaBr solutions
of (10, 20, 30, and 38) mass %, three aqueous KBr solutions
of (10, 20, and 30) mass %, and three aqueous NaBr + KBr
solutions (10% NaBr + 5% KBr, 10% NaBr + 10% KBr,
and 10% NaBr + 20% KBr) has been measured with a
coaxial-cylinder (steady-state) technique. Measurements
were made at two isobars (10 and 40 MPa) and near the
saturation curve (0.1 to 2 MPa). The range of temperature
was (294 to 577) K. The total uncertainty of the thermal
conductivity, pressure, temperature, and composition mea-
surements was estimated to be less than 2%, 0.05%, 30 mK,
and 0.02%, respectively. The temperature, pressure, and
concentration dependence of thermal conductivity were
studied. Measured values of thermal conductivity were
compared with data and correlations reported in the
literature. The reliability and accuracy of the experimental
method were confirmed with measurements on pure water.
The experimental and calculated values of thermal con-
ductivity for pure water from the TAPWS3* formulation
show excellent agreement within their experimental un-
certainties (AAD within 0.51%). The correlation equation
for thermal conductivity was obtained as a function of
temperature, pressure, and composition by a least-squares
method from the experimental data. The AAD between
measured and calculated values of thermal conductivity for
solutions from this correlation equation was 1.5%. The
measured thermal conductivity values of solutions were
compared with the data reported in the literature by other
authors. Good agreement (deviations within 0.3% to 1.0%)
is found between the present measurements and the data
sets reported by other authors in the literature.
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