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Thermal Conductivity of Aqueous Sr(NO3), and LiNOj3; Solutions at
High Temperatures and High Pressures

Iimutdin M. Abdulagatov,*'$ Lala A. Akhmedova-Azizova,* and Nazim D. Azizov*

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

Thermal conductivity of five aqueous Sr(NOs), solutions of molality (0.249, 0.525, 1.181, 2.025, and 3.150)
mol-kg~! and four aqueous LiNO3 solutions of molality (1.0, 1.7, 2.8, and 3.9) mol-kg~ have been measured
with a concentric-cylinder (steady) technique. Measurements were made at five isobars (0.1, 10, 20, 30,
and 40) MPa for H,O+Sr(NO3), and at four isobars (0.1, 10, 20, and 30) MPa for H,O+LiNO3 solutions.
The range of temperature was (293.15 to 591.06) K. The total uncertainty of thermal conductivity, pressure,
temperature, and molality measurements were estimated to be less than 2%, 0.05%, 30 mK, and 0.02%,
respectively. 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, toluene, and H,O + NaCl with well-known thermal conductivity values.
The experimental and calculated values of thermal conductivity for pure water from IAPWS formulation
show excellent agreement within their experimental uncertainties (AAD within 0.44%) in the temperature
range from (308.4 to 704.2) K and at pressures up to 60 MPa. Correlation equations for thermal
conductivity of the 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 equation for the thermal conductivity was (0.5 to 0.7) %.

Introduction

Transport properties of aqueous solutions are needed in
many industrial and scientific applications such as calcula-
tion of design parameters, developments and utilization of
geothermal and ocean thermal energy, efficient operation
of high-temperature energy-generating systems, geology
and mineralogy, for hydrothermal synthesis, biological
processes of living organisms, and in prediction of heat-
and mass-transfer coefficients under both laminar and
turbulent regimes. Thermal conductivity data are required
also for calculating flow and heat- and mass-transfer rates
in various pieces of industrial equipment. To understand
and control those processes that used electrolyte solutions,
it is necessary to know their thermodynamic and transport
properties. Because of lack of reliable experimental infor-
mation on thermal conductivity of aqueous solutions, the
design parameters are often obtained empirically.

A database of thermal conductivity in high-temperature
aqueous systems is needed to support the advancement of
theoretical work. Because of the complexity of the aqueous
solutions, there are neither experimental data on repre-
sentative systems nor predictive theoretical models avail-
able that will offer sufficient insight for an optimum process
design. Currently available models still cannot treat real
system as they are met in practice (for example, complex
ionic solutions are extremely difficult). Better predictive
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models should be developed on basis reliable experimental
information on thermodynamic and transport properties
data. However, measurements of the thermal conductivity
of aqueous salt solutions have so far been limited to rather
narrow ranges of temperature, pressure, and concentration
with less satisfactory accuracy.

Only limited experimental thermal-conductivity data of
H,0 + Sr(NOg3), and H,O + LiNO; solutions over a wide
range of temperatures, pressures, and compositions are
available in the literature. For example, there are no
measurements of thermal conductivity of aqueous LiNO;
solutions at high pressures. Therefore, there is a sustained
demand for new reliable thermal conductivity data of H,O
+ Sr(NO3), and H,0O + LiNOj solutions, which cover wide
temperature, pressure, and concentration ranges.

The main objective of the paper is to provide new
accurate experimental thermal conductivity data for aque-
ous Sr(NOj3), and LiNOj solutions at high temperatures
(up to 591.06 K) and high pressures (up to 40 MPa). This
work is a part of a continuing program on the transport
properties of electrolytes in aqueous solutions. In previous
studies,’~13 we measured the thermal conductivity of 25
aqueous salt solutions at high temperatures (up to 573.15
K) and high pressures (up to 100 MPa). Thermal conduc-
tivity for aqueous LiNOj solutions has been previously
studied only at atmospheric pressure and over narrow
temperature (up to 373.15 K) and composition (up to 40
mass %) ranges.* Some of the reported thermal conduc-
tivities are inaccurate and inconsistent.

Abdulagatov and Magomedov* reported thermal conduc-
tivity data for H,O + Sr(NOj3), 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 %.
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Figure 1. Schematic diagram of the experimental apparatus for measuring the thermal conductivity of liquids and liquid mixtures at
high temperatures and high pressures by the coaxial cylinders method. 1, High-pressure autoclave; 2, thermostat; 3, heater; 4, PRT; 5,
thermocouple; 6, filling tank; 7, set of valves; 8, dead-weight pressure gauge (MP-600); 9, separating U-shape capillary tube; 10, electrical

feedthrough.

Measurements were made by means of the parallel plate
technique. The uncertainty in the thermal conductivity
measurements was about 1.6%. The results of measure-
ments were represented by correlation equation

Asoi(T.P.0) = Ay o(P, L = B(w + (2 x 10 )0”)] =
(2 x 10°%PTw (1)

AoP.T) = (7 x 1079)T° — (1511 x 107 )T? +
(8.802 x 10 3T — 0.8624 + (1.6 x 10 °)PT

where A (T,P,X) is the thermal conductivity of solution in
W-m~1-K™1, 1,1,0(P,T) is the thermal conductivity of pure
water in W-m~1-K~1, o is the concentration in mass %, T
is the temperature in K, P is pressure in MPa, and B is
the adjusting parameter. The values of coefficient B in eq
1 for H,O + Sr(NO3), and H,O + LiINOj solutions are
0.00163 and 0.00274, respectively.’®> In the limit o — 0,
the thermal conductivity of pure water A.,0(P,T) is obtained
from eq 1. Equation 1 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.

Experimental Apparatus and Procedures

Apparatus and Construction of the Thermal Con-
ductivity Cell. The thermal conductivity of aqueous Sr-
(NO3), and LiNOg solutions was measured by a concentric-
cylinders (steady) technique. The apparatus details were
described in our previous publications.’® The apparatus
is schematically shown in Figure 1. The main part of the

Figure 2. Schematic diagram of the measuring thermal conduc-
tivity cell. 1, Autoclave; 2, inner cylinder; 3, outer-cylinder; 4,
microheater; 5, thermocouples; 6, axial alignment screws.

apparatus consisted of a high-pressure autoclave, thermo-
stat, and thermal conductivity cell. The thermal conductiv-
ity cell is schematically shown in Figure 2. The thermal
conductivity cell consisted of two coaxial cylinders: inner
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(emitting) cylinder (2) and outer (receiving) cylinder (3).
The cylinders were made from stainless steel (1 x 18H9T,
1chrome-18nickel-9titanium, US designation S31600) and
located in high-pressure autoclave (1). The support of the
cylinders was provided by the porcelain rings with three
centering microscrews (6), which were made from ceramic.
The centering of the outer and inner cylinders was achieved
by a microscrew. The deviation from concentricity was
0.002 cm or 2% of the sample layer. The quality of the
centering was checked with a cathetometer (KM-8). To
minimize of the conicity of cylinders, the surfaces of the
inner and outer cylinders were perfectly polished with
powder of a successively smaller grain size (320 nm). The
cylindricality of the outer cylinder was checked with a
microscope (YIM-21). In the lower part, inner cylinder
extension was soldered by a flange. A flange was used to
seal the autoclave. To this flange was also soldered a shell
capillary, tightly fitted to the outer cylinder.

The autoclave was made from stainless steel 1X18H10T
and located in the thermostat (2). The thermostat was a
solid (massive) copper block. Temperature in the thermo-
stat was controlled by the heater (3). The thermostat is
supplied with three sectioned heating elements, a platinum
resistant thermometer (PRT, 10) and three chromel—
alumel thermocouples that were located on three different
levels of the copper block. The temperature differences
between various sections (levels) of the copper block were
within 0.02 K. Temperature was measured with a PRT and
with three chromel—alumel thermocouples (5). Thermo-
couples were located on different levels of the thermostat
to minimize the inhomogeneities of temperature. One of
the junctions of the differential chromel—copel thermo-
couple was located in the inner cylinder and tightly applied
to the cylinder’s wall. The second junction of the thermo-
couple was located in the shell capillary. Thermocouples
were twice calibrated with a standard resistance thermom-
eter. The difference between calibrations was 10 mK. The
temperature-sensitive element of the thermocouple was
located on the same level as measured cell. The reading of
the single thermocouples differs by +£10 mK. The measure-
ments were started when differences of readings of all the
thermocouples were minimal (0.02 K).

Geometrical Characteristics of the Thermal Con-
ductivity Cell. The important dimensions of the thermal
conductivity cell are: o.d. of the inner cylinder is d, = (10.98
+ 0.01) x 1073 m. i.d. of the outer cylinder is d; = (12.92
+ 0.02) x 102 m. The length of the measuring section of
the inner cylinder (emitter) is | = (150 4+ 0.1) x 1073 m.
The gap between cylinders (thickness of the liquid gap) was
d = (0.97 + 0.03) x10~2 m. The choice of this gap was a
compromise between decreasing convection and accom-
modation effect. The acceptable value for the thickness of
the liquid layer d is between 0.5 and 1 mm. If d >1 mm,
the natural convection heat transfer will develop. The
optimal value ratio of the length | to the diameter of the
inner cylinder d, should be I/d, = 10—15. It is very difficult
to keep the homogeneity of the temperature distribution
along the length of inner cylinder when the ratio I/d, >
15. If I/d; < 10, the influence of the end effect is significant.

The solution under investigation is confined in the
vertical gap of the cell. The thermal conductivity cell was
filled with a sample using the set of valves (7, see Figure
1). Before filling, the cell was heated and evacuated. To
fill the measuring cell (gap between cylinders) with a test
liquid sample, the slots in a width of 2 mm and 25 mm in
length were made on the outer cylinder (3 mm from the
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Figure 3. Geometrical constant A as a function of temperature
from calibration with water. ®, experimental values of A. The solid
curve is a guide to the eye.

end). Pressure in the system was created and measured
with piston manometers MP-600 and MP-60 with upper
limit measurements of 600 and 60 bar, respectively.
Mercury in the U-shape capillary tube was used as the
separating liquid between oil and the sample. All connect-
ing tubes, including filling unit and high-pressure U-shape
separated vessels, were made from stainless steel.

In the cell, heat was generated in the microheater (4,
see Figure 2) which consists of an isolated (high-temper-
ature lacquer-covered) constantan wire of 0.1 mm diameter.
A microheater was mounted inside the inner cylinder
(emitter), which was close wound around a surface of a 2
mm diameter ceramic tube and isolated with high-temper-
ature lacquer. The tube is tightly fitted in the heater pocket
with a diameter of 6 mm on the inner cylinder. All heaters
were made with 0.1 mm diameter constantan wire and
isolated with high-temperature lacquer.

The electrical schema of the measurements consists of
circuits of PRT, calorimetric heater, and differential and
single thermocouples. All electrical measurements were
performed with the compensation method using direct-
current semiautomatic potentiometers (P323/2).

Principles 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 A of the fluid was
deduced from measurements of heat Q transmitted across
the solution layer, the temperature difference AT between
the inner and outer cylinders, the thickness of the solution
layer d, and effective length | of measuring part of the
cylinder (effective length of the cylinders).

The thermal conductivity of the sample at a given
temperature and pressure was calculated from the relation

_ Qln(dy/dy)
 27lAT @)

where Q = Qmeas — Qlos iS the amount of heat transferred
by conduction alone across the sample layer between the
cylinders, Qmeas is the amount of heat released by the
calorimetric microheater, Qo is the amount of heat losses
through the ends of the measuring cell (end effect), d; is
the outer diameter of the inner cylinder, d, is the inner
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Table 1. Comparison between Experimental Thermal Conductivity Data and Values Calculated with IAPWS?¢ Standard
for Pure Water (AAD = 0.44%)

P/MPa = 0.1 P/MPa = 10 P/MPa = 30 P/MPa = 60
this AIW-m=1-K~1 this AMW-m~t-K~1 this AMW-m~1.K1 this AMW-m~1-K1
T/IK work IAPWS!6 work IAPWS!6 work IAPWS16 work IAPWS16
308.4 0.621 0.624 0.630 0.628 0.640 0.637 0.655 0.651
329.2 0.648 0.650 0.655 0.655 0.660 0.664 0.675 0.678
366.5 0.671 0.677 0.681 0.682 0.686 0.693 0.706 0.708
383.3 0.685 0.687 0.695 0.698 0.713 0.715
408.3 0.689 0.690 0.702 0.702 0.719 0.720
439.5 0.686 0.685 0.695 0.699 0.717 0.719
464.5 0.678 0.675 0.694 0.691 0.710 0.714
507.9 0.645 0.645 0.672 0.665 0.695 0.693
529.7 0.625 0.621 0.642 0.645 0.680 0.676
554.7 0.587 0.585 0.620 0.616 0.658 0.652
602.3 0.542 0.538 0.590 0.592
627.3 0.490 0.487 0.557 0.553
704.2 0.158 0.162 0.415 0.416

Table 2. Comparison between Experimental Thermal Conductivity Data and Values Calculated with Prediction
Correlation (Lemmon et al.,?®> REFPRO) for Toluene (AAD = 2.2%)

P/MPa = 0.1 P/MPa = 10 P/MPa = 30 P/MPa = 60
this AMW-m~1.K-1 this AMW-m~1.K-1 this AMW-m~1.K-1 this AMW-m-1.K-1
T/IK work Lemmon et al.23 work Lemmon et al.23 work Lemmon et al.23 work Lemmon et al.23

300.6 0.131 0.130 0.135 0.133 0.140 0.139 0.152 0.147

334.7 0.125 0.119 0.122 0.123 0.134 0.130 0.150 0.143

359.4 0.117 0.113 0.116 0.117 0.129 0.124 0.141 0.138

376.4 0.114 0.109 0.115 0.113 0.126 0.121 0.135 0.130

430.7 0.106 0.102 0.116 0.111 0.124 0.121

494.5 0.092 0.091 0.105 0.102 0.114 0.113

549.6 0.082 0.082 0.097 0.096 0.108 0.108

593.7 0.080 0.077 0.094 0.092 0.106 0.105

668.8 0.078 0.070 0.093 0.088 0.104 0.102
Table 3. Test Measurements of the Thermal written as
Conductivity of H,O + NaCl Solution along the Isobar 20
MPa and Composition of 4.278 mol-kg ! _

_ Qmeas Qlos
AW-m-1.K-1 A= A——meas T 4)
ATmeas - ATcorr
this Abdulagatov Nagasaka

T/K  work and Magomedov® El'darov?® Nikolaev?® et al.?”

29315 0.582 0.580 0.590 0578 0.580 where A = In(d./d;)/2zl is the geometric constant which

333.15 0.636 0.635 0.639 0.629 0.630 can be determined with geometrical characteristics of the

373.15 0.667 0.665 0.666 0.656 - experimental cell. The values of A can be also determined

423.15 0.673 0.672 0.674 0.658 - - . . .

47315 0.652 0.647 0.667 0.636 i} by means of a calibration technique using thermal conduc-

523.15 0.597 - - 0.585 - tivity data for the reference fluid (pure water, IAPWS?),

573.15 0.516 - - 0.506 - ; ; ;
AAD > 0.34% 0.88% 1729, 0.64% The values of the cell constant determined with both with

diameter of the outer cylinder, | is the length of measuring
part of the cylinder, AT is the temperature difference
between inner and outer cylinders (across the sample
layer). The values of Q and AT are measured indirectly,
and some corrections are necessary. The temperature
difference in the sample layer can be determined as

AT = AT — AT, 3)
where AT = ATy + AT, ATy and AT, are the
temperature differences in the cylinder walls and lacquer
coat, respectively, ATmeas IS the temperature difference
measured with differential thermocouples. It is difficult to
estimate the values of the Qs and AT by calculation.
In this work, the values of Q,s and AT Were estimated
by measuring the standard liquids (water) with well-known
thermal conductivity (IAPWS?® standard). Calibration 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 Q and the
temperature difference AT were 13.06 W and 3.5 K,
respectively. The estimated value of Q. is about 0.05 W.
This value is negligible (0.38%) by comparison with the
heat transfer by conduction Q = 13.06 W.

After all corrections were taken into account, the final
working equation for the thermal conductivity can be

meas corr

geometrical characteristics of the experimental cell and by
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 calibration procedure with pure water (I1AP-
WS16), The variation of the geometrical constant A with
temperature is shown in Figure 3. The geometrical con-
stant 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 due to the low volume
compressibility of stainless steel (1X18H9T).

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
accommodation effect.

Convection Heat Transfer. Convection heat transfer
increases with increasing values of the Rayleigh number
(Ra). The thermal conductivity measurements between
coaxial cylinders show that the convection regime is related
to Ra (product of the Grashof—Prandtl numbers)

9o, ATd’C p”

Ra = GrPr = n (5)

where Gr and Pr are the Grashof and Prandtl numbers,
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Figure 4. Measured values of thermal conductivity of pure H,O as a function of temperature along the four isobars (0.1, 10, 30, and 60)
MPa together with data and correlations reported by other authors in the literature. (a) P = 0.1 MPa: @, this work; O, Takizawa et al.;2°
x, Venart and Prasad;3° v, Alloush et al.;3! A, Ramires et al.;?! O, Nagasaka et al.;?” B, Rastorguev et al.;32 ¢, Grigor'ev;3® v, DiGuilio et
al.;3* A, Guseinov;® +, Castelli and Stanley;3¢ ¢, Assael et al.;3” ¥, Abdulagatov and Magomedov;!3 English cross, Davis et al.;>” box with
x inside, Vargaftik and Os'minin;®® %z, Lawson et al.;*° box with vectorial product inside, Gazdiev and Rastorguev;*! -, Challoner and
Powell;*2 O, Bach and Grigull;*3 3, Dix et al.;** Stupak et al.;*® ¢, Tufeu et al.*¢ —, calculated from the IAPWS?6 formulation; -« -« - - -
Ramires et al.;?! - - - -, Yata et al.;*" - +++ - ==+ - Ripoche and Rolin;*® — — — — D|etz et al.** P = 60 MPa: @, this work; — calculated
from the IAPWS16 formulation; O, Abdulagatov and Magomedov;13 O, Grigorev; 53 x, Dixetal.;* - ---, Yataetal.;*” a, Cherneyeva 50 A,
Castelli and Stanley;3 — — — —, Dietz et al.;9 «++--- , Vargaftik et al.5! (b) @, this Work; O, Abdulagatov and Magomedov;13 0O, Le Neindre
etal.;%2 A, Yata et al.;*” A, Cherneyeva;® ¢, Dix et al.;** —, calculated from the IAPWS?6 formulation; - + -+ - - - , Yata et al.;*” - - - -, Dietz
et al.49; - «-+ - -- - .o+ - Vargaftik et al.;>! x, Venart.53

respectively, g is the gravitational constant, a, is the Cp is the specific heat at constant pressure, 5 is the
thermal expansion coefficient of the fluid, p is the density, viscosity coefficient. To reduce the values of Ra, a small
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Figure 5. Measured values of thermal conductivity of toluene as a function of temperature along the four isobars, (0.1, 10, 30, and 60)
MPa, together with values reported by other authors in the literature and calculated with various correlation and prediction equations.
@, this work; O, Ramires et al.;> O, Geller et al.;>> A, Rastorguev et al.;%¢ A, Davis et al.;5” B, Ziebland;38 ¢, Stupak et al.;*> x, Nieto de
Castro et al.;?® +, Yamada et al.;>8 solid line, Mamedov and Akhundov;?* dashed line, Lemmon et al.23 (REFPRO); dot-dashed line, Vargaftik

et al.;>! dotted line, Nieto de Castro et al.20

gap distance between cylinders d = (0.97 + 0.03) x 1073
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).t” Therefore, Ra > 1000
was considered as a criterion for the beginning of convec-
tion. In the range of the present experiments, the values

of Ra were always less than 500 and Q. was estimated
to be negligibly small. The absence of convection can be
verified experimentally by measuring the thermal conduc-
tivity with different temperature differences AT across the
measurement gap and different power Q transferred from
the inner to the outer cylinder. The measured thermal
conductivity was indeed independent of the applied tem-
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Figure 6. Measured values of thermal conductivity of H,O +
NacCl as a function of temperature along the isobar 20 MPa and
concentration of 20 mass % together with values calculated with
correlation equations and reported data from the literature. @, this
work; O, Abdulagatov and Magomedov;® O, Nikolaev;?6 x, Na-
gasaka et al.;?” A, Eldarov;?®> solid line, eq 1; dashed line,
Chiquillo.%®

perature differences AT and power Q transferred from
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.’® is adequate and usually negligible. When the fluid
absorbs and re-emits radiation (partially transparent), the
problem is more complicated since then the radiative and
conductive fluxes are coupled. In this case, effect heat
transferred by radiation can be derived from the solution
integro-differential equation describing coupled radiation
and conduction. This problem is amenable to exact study
only numerically (Menashe and Wakeham,*® Nieto de
Castro et al.).?® The approximate solution indicates that
the magnitude of radiative contribution to the heat flux
depends on the characteristic of the fluid for radiative
absorption. This characteristic optical property of fluids is
seldom known so that it is not possible to apply a correction

(@)

for radiation routinely. There is some circumstance under
which some contribution from radiative transport is neg-
ligible. The inner and outer cylinders were perfectly
polished with powder of a successively smaller grain size
(320 nm), their emissivity (¢ = 0.32) was small, and heat
flux arising from radiation Q.q is negligible by comparison
with the heat transfer by conduction in the temperature
range of our experiment. To minimize the heat transfer
by radiation, the solid material (stainless steel 1 x 18H9T)
of low emissivity was used for the cylinders and thin layers
of fluid (from 0.97 mm) are used. In this way, heat
transport by radiation can be strongly reduced compared
to the heat transport by conduction. Because of the lack of
characteristic optical properties of aqueous salt solutions
at high temperatures, it is not possible to estimate theo-
retically the radiation conductivity A1, and radiated heat
Qrad- The correction for absorption is small for pure water;
therefore, for an aqueous solution in the temperature range
up to 600 K and we assumed it negligible. Its influence on
the uncertainty of the thermal conductivity is relatively
small.

Since heat transfer by radiation is proportional to 4T3AT,
we would expect radiation losses to substantially increase
with the cell temperature. In the present study, we did not
study the influence of the cylinder wall emissivity on the
conductive heat transfer. But this kind of correction is
included in calibration procedure.

The values of the Qg can be estimated by calculation
as

Qyaq = €0SAT3AT (6)

where ¢ = 0.32 is the cylinder material emissivity coef-
ficient, 0 = 5.67 x 1078 W-m~2-K~* is the Stefan—Boltz-
mann constant, and S = 5.17 x 1073 m? is the mean surface
of the fluid layer. The emissivity of walls was small and
Qrad (estimated by eq 6) 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. Measurement uncertain-
ties were associated with uncertainties that exist in
measured quantities contained in working eq 4 used to
compute the thermal conductivity from experimental data.
The thermal conductivity was obtained from the measured
quantities A, Q, T, AT, P, and m. The accuracy of the

(b)

0.68 0.68

0.66

0.66

0.64

0.62

0.60 0.60

i

0681

0.66

0.64

N (WK

0.62

0.60

0.58

0.56

0.58 . 0.58
280 330 380 430 480 280 330 380 430

TIK TK

480 280 320 360 400 440 480

TK

Figure 7. Measured values of thermal conductivity of H,O + Sr(NOs3); solutions as a function of temperature at atmospheric pressure
for the three compositions (5, 10, 20 mass %) together with values calculated from various correlations and the data reported in the
literature. @, this work; O, Abdulagatov and Magomedov;* solid line, calculated from eq 1; dot-dot-dot-dashed line, eq 9; dot-dashed line,
Riedel;5° dashed line, calculated from the IAPWS1¢ formulation for pure water.
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Table 4. Experimental Thermal Conductivities, Pressures, Temperatures, and Concentrations of H,O + Sr(NOs3);
Solutions

P/MPa = 10 P/MPa = 20 P/MPa = 30 P/MPa = 40
m T A T A T A T A
mol-kg~! K Wem~1-K1 K W-m~1-K-1 K W-m~-K? K W-m~1-K?
0.249 297.78 0.603 295.86 0.607 295.94 0.613 295.77 0.619
0.249 312,51 0.623 312.33 0.628 312.55 0.634 313.44 0.639
0.249 343.03 0.655 341.74 0.658 341.92 0.663 342.05 0.667
0.249 355.51 0.662 352.66 0.667 352.74 0.671 352.45 0.675
0.249 372.37 0.675 371.85 0.679 371.12 0.683 371.32 0.687
0.249 391.91 0.675 394.01 0.682 392.43 0.689 392.65 0.696
0.249 406.52 0.686 409.87 0.691 409.33 0.696 409.24 0.701
0.249 429.07 0.686 430.25 0.691 430.54 0.697 430.24 0.702
0.249 454.96 0.678 456.43 0.684 456.75 0.691 456.87 0.698
0.249 476.84 0.665 479.55 0.672 479.64 0.681 479.45 0.689
0.249 485.42 0.659 490.85 0.664 490.21 0.674 490.65 0.683
0.249 516.06 0.629 516.66 0.640 517.03 0.652 516.21 0.665
0.249 535.07 0.605 538.35 0.61 538.56 0.629 535.72 0.643
0.249 545.23 0.589 549.46 0.599 549.59 0.615 549.13 0.631
0.249 567.15 0.553 590.11 0.531 590.91 0.554 590.53 0.576
0.525 299.74 0.603 294.11 0.602 296.73 0.611 296.22 0.617
0.525 314.43 0.622 312.44 0.624 311.41 0.629 311.88 0.634
0.525 336.28 0.645 340.01 0.653 341.09 0.658 341.68 0.662
0.525 351.43 0.657 352.42 0.662 351.84 0.665 351.72 0.670
0.525 374.16 0.671 373.78 0.675 372.37 0.679 372.29 0.683
0.525 390.23 0.678 391.16 0.682 392.82 0.687 392.11 0.691
0.525 412.21 0.682 411.29 0.686 410.29 0.691 410.76 0.695
0.525 432.11 0.680 457.71 0.679 431.29 0.691 431.92 0.697
0.525 456.05 0.672 478.09 0.667 458.21 0.685 479.01 0.683
0.525 477.13 0.660 491.94 0.657 491.12 0.668 513.92 0.660
0.525 491.20 0.649 513.41 0.683 537.29 0.625 537.39 0.638
0.525 515.73 0.625 537.91 0.609 589.69 0.550 588.83 0.571
0.525 537.15 0.597 550.03 0.594
0.525 563.82 0.573 590.34 0.527
0.525 588.61 0.551
1.181 299.64 0.597 299.41 0.602 298.44 0.607 298.01 0.612
1.181 314.72 0.615 314.79 0.620 318.72 0.629 318.22 0.633
1.181 336.72 0.636 336.52 0.641 337.82 0.646 337.15 0.650
1.181 351.88 0.649 351.25 0.653 350.28 0.656 350.92 0.660
1.181 374.12 0.663 374.07 0.667 377.69 0.671 377.89 0.675
1181 390.68 0.669 390.02 0.672 391.52 0.677 390.83 0.680
1.181 412.73 0.672 412.47 0.676 415.63 0.681 415.19 0.685
1.181 432.73 0.671 432.73 0.675 433.30 0.680 433.54 0.685
1.181 456.26 0.663 456.94 0.669 45541 0.675 455.93 0.681
1.181 477.21 0.650 477.80 0.658 475.08 0.667 475.67 0.674
1.181 491.32 0.640 491.35 0.648 492.18 0.656 492.57 0.664
1.181 515.87 0.616 515.03 0.626 514.70 0.638 515.06 0.648
1.181 537.58 0.588 536.89 0.601 536.42 0.615 536.99 0.628
1.181 553.52 0.565 553.74 0.579 552.42 0.595 552.39 0.610
1.181 588.02 0.503 589.33 0.522 589.22 0.540 588.64 0.560
2.025 297.73 0.588 296.04 0.592 298.75 0.600 298.03 0.605
2.025 317.58 0.611 314.72 0.612 316.55 0.619 316.84 0.623
2.025 338.41 0.629 340.09 0.636 339.15 0.639 339.88 0.643
2.025 351.48 0.641 353.77 0.646 352.16 0.648 352.75 0.652
2.025 375.38 0.656 377.50 0.658 376.77 0.661 377.02 0.665
2.025 394.36 0.661 417.73 0.664 395.75 0.668 395.03 0.671
2.025 412.26 0.663 436.79 0.665 410.74 0.670 410.94 0.674
2.025 437.42 0.660 455.95 0.659 434.60 0.669 434.20 0.674
2.025 458.74 0.652 476.20 0.648 456.29 0.664 455.89 0.669
2.025 477.12 0.641 492.15 0.637 475.84 0.655 475.09 0.662
2.025 489.29 0.630 516.32 0.610 491.41 0.645 490.95 0.652
2.025 519.77 0.601 535.06 0.594 520.02 0.621 519.92 0.631
2.025 537.88 0.581 551.34 0.573 535.32 0.604 534.93 0.616
2.025 554.51 0.558 590.11 0.510 552.83 0.584 552.06 0.598
2.025 568.27 0.534 591.17 0.527 591.06 0.545
3.150 297.55 0.581 297.53 0.586 298.76 0.598
3.150 317.47 0.604 317.20 0.608 318.75 0.617
3.150 338.19 0.623 338.46 0.626 337.05 0.632
3.150 351.67 0.633 351.07 0.636 350.52 0.642
3.150 375.93 0.645 375.21 0.648 377.66 0.655
3.150 394.73 0.651 394.05 0.654 391.88 0.659
3.150 412.49 0.653 412.89 0.656 415.25 0.663
3.150 437.90 0.650 437.83 0.654 433.74 0.662
3.150 458.93 0.642 458.27 0.647 455.19 0.658
3.150 477.28 0.631 477.49 0.637 475.18 0.650
3.150 489.43 0.622 489.62 0.629 492.29 0.640
3.150 519.82 0.593 519.55 0.602 514.30 0.624
3.150 537.13 0.571 537.32 0.581 536.87 0.604
3.150 554.07 0.547 554.79 0.559 552.79 0.586

3.150 585.77 0.494 585.09 0.511 589.54 0.537
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Table 5. Experimental Thermal Conductivity, Temperatures, and Compositions of H,O+Sr(NO3), Solutions at
Atmosperic Pressure

P/MPa = 0.1 P/MPa = 0.1 P/MPa = 0.1 P/MPa = 0.1
m/mol-kg™* T/K A/W-m~-K1 m/mol-kg™* T/K A/W-:m~1-K™1 m/mol-kg™* T/K A/W-m~-K-1 m/mol-kg™* T/K A/W-m1-K~?
0.249  299.55 0.601 0.525  315.47 0.616 1.181 335091 0.629 2.025  358.03 0.640
0.249  321.39 0.625 0.525  331.71 0.637 1.181  348.38 0.647 3.150  303.75 0.581
0.249  339.18 0.648 0.525  362.07 0.656 2.025  299.78 0.581 3.150  314.02 0.592
0.249  360.07 0.664 1.181  302.98 0.585 2.025  318.92 0.605 3.150 334.71 0.613
0.525  298.12 0.593 1.181  316.03 0.608 2.025  336.72 0.623 3.150  352.30 0.632

Table 6. Experimental Thermal Conductivities, Pressures, Temperatures, and Compositions of H,O+ LiNO3 Solutions

AIW-m~1-K~1 AIW-m~1.K~1
m/mol-kg™*  T/K P/MPa=10 P/MPa=20 P/MPa= 30 m/mol-kg™*  T/K P/MPa =10 P/MPa=20 P/MPa=30
1.0 293.15 0.592 0.595 0.610 2.8 293.15 0.564 0.570 0.575
1.0 313.15 0.616 0.623 0.629 2.8 313.15 0.587 0.594 0.601
1.0 333.15 0.640 0.645 0.649 2.8 333.15 0.610 0.615 0.621
1.0 353.15 0.653 0.658 0.664 2.8 353.15 0.622 0.629 0.636
1.0 373.15 0.670 0.676 0.680 2.8 373.15 0.632 0.640 0.648
1.0 393.15 0.671 0.678 0.684 2.8 393.15 0.641 0.648 0.656
1.0 413.15 0.673 0.682 0.690 2.8 413.15 0.645 0.650 0.660
1.0 433.15 0.673 0.681 0.690 2.8 433.15 0.642 0.651 0.661
1.0 453.15 0.664 0.673 0.681 2.8 453.15 0.630 0.645 0.656
1.0 473.15 0.657 0.669 0.681 2.8 473.15 0.626 0.639 0.651
1.0 493.15 0.639 0.653 0.667 2.8 493.15 0.610 0.621 0.635
1.0 513.15 0.624 0.641 0.658 2.8 513.15 0.594 0.610 0.621
1.0 533.15 0.600 0.615 0.630 2.8 533.15 0.572 0.586 0.599
1.0 553.15 0.574 0.597 0.621 2.8 553.15 0.544 0.565 0.587
1.0 573.15 0.538 0.560 0.580 2.8 573.15 0.509 0.533 0.554
1.7 293.15 0.580 0.585 0.591 3.9 293.15 0.542 0.550 0.558
1.7 313.15 0.605 0.612 0.618 3.9 313.15 0.570 0.577 0.584
1.7 333.15 0.624 0.632 0.640 3.9 333.15 0.593 0.603 0.612
1.7 353.15 0.640 0.647 0.653 3.9 353.15 0.604 0.611 0.619
1.7 373.15 0.654 0.659 0.665 3.9 373.15 0.620 0.629 0.636
1.7 393.15 0.659 0.666 0.673 3.9 393.15 0.622 0.630 0.639
1.7 413.15 0.662 0.673 0.681 3.9 413.15 0.625 0.632 0.640
1.7 433.15 0.661 0.670 0.678 3.9 433.15 0.623 0.633 0.643
1.7 453.15 0.653 0.662 0.670 3.9 453.15 0.615 0.625 0.632
1.7 473.15 0.645 0.657 0.669 3.9 473.15 0.607 0.620 0.633
1.7 493.15 0.630 0.643 0.652 3.9 493.15 0.587 0.605 0.621
1.7 513.15 0.612 0.629 0.646 3.9 513.15 0.575 0.591 0.607
1.7 533.15 0.590 0.605 0.630 3.9 533.15 0.550 0.572 0.590
1.7 553.15 0.562 0.585 0.608 3.9 553.15 0.526 0.546 0.566
1.7 573.15 0.531 0.562 0.590 3.9 573.15 0.495 0.510 0.525

Table 7. Experimental Thermal Conductivity, Temperatures, and Concentrations of H,O + LiNO3 Solutions at P = 0.1
MPa

m/mol-kg~1 T/IK AW-m~1.K~1 m/mol-kg~1 TIK AMW-m~1.-K~1 m/mol-kg~1 TIK AW-m~—1.K~1
1.0 293.15 0.585 17 323.15 0.610 2.8 353.15 0.616
1.0 298.15 0.592 1.7 328.15 0.615 2.8 358.15 0.619
1.0 303.15 0.598 1.7 333.15 0.619 2.8 363.15 0.622
1.0 308.15 0.604 17 338.15 0.624 2.8 368.15 0.625
1.0 313.15 0.611 1.7 343.15 0.628 2.8 373.15 0.627
1.0 318.15 0.616 1.7 348.15 0.632 3.9 293.15 0.539
1.0 323.15 0.622 1.7 353.15 0.635 3.9 298.15 0.546
1.0 328.15 0.627 17 358.15 0.638 3.9 303.15 0.552
1.0 333.15 0.631 1.7 363.15 0.641 3.9 308.15 0.557
1.0 338.15 0.636 1.7 368.15 0.644 3.9 313.15 0.563
1.0 343.15 0.640 17 373.15 0.647 3.9 318.15 0.568
1.0 348.15 0.644 2.8 293.15 0.557 3.9 323.15 0.573
1.0 353.15 0.647 2.8 298.15 0.563 3.9 328.15 0.578
1.0 358.15 0.651 2.8 303.15 0.569 3.9 333.15 0.582
1.0 363.15 0.654 2.8 308.15 0.575 3.9 338.15 0.586
1.0 368.15 0.656 2.8 313.15 0.581 3.9 343.15 0.590
1.0 373.15 0.663 2.8 318.15 0.586 3.9 348.15 0.594
17 293.15 0.574 2.8 323.15 0.591 3.9 353.15 0.597
1.7 298.15 0.581 2.8 328.15 0.596 3.9 358.15 0.600
1.7 303.15 0.587 2.8 333.15 0.601 3.9 363.15 0.603
1.7 308.15 0.593 2.8 338.15 0.605 3.9 368.15 0.605
17 313.15 0.599 2.8 343.15 0.609 3.9 373.15 0.610
1.7 318.15 0.605 2.8 348.15 0.612
thermal conductivity measurements was assessed by ana- ties of the measured quantities. The maximum relative

lyzing the sensitivity of eq 4 to the experimental uncertain- root-mean-square deviations (04/4) of thermal conductivity
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Figure 8. Measured values of thermal conductivity of H,O + Sr(NOgs), (a) and H,O+ LiNOs3 (b) solutions as a function of temperature
for various pressures and compositions together with values calculated from various correlations and the data reported in the literature.
@, this work; O, Abdulagatov and Magomedov;* solid line, calculated from eq 1; dot-dashed line, eq 9; dot-dot-dot-dashed line, Riedel;%°

dashed line, calculated from the IAPWS?¢ formulation for pure water.

measurements associated with A, Q, T, AT, P, and m
measurements can be estimated from the equation

o)+ e

A A \\0A 0Q AT oT T
L \2  [9A . \2\l2
[55Ss) * [msn) ) @

where Sy = 0.0009 m™1, Sg = 2.6 x 1073 W, Spt = 0.005
K, St =0.03 K, S, = 0.03 MPa, and Sy, = 0.0006 kg-mol~*
are the root-mean-square deviations of A, Q, AT, T, P, and
m measurements, respectively.

The value of root-mean-square deviation of heat losses
through the ends of the measuring cell is about Sgies =
0.001 W. As the uncertainties of the measured values d;,
dy, and | are 0.15%, 0.09%, and 0.07%, respectively, the
corresponding uncertainty of A is 0.5%. The experimental
uncertainty in the concentration is estimated to be 0.02%.

Values for the partial derivatives (34/0P)t, (9A/0T)p, and
(a4/am)p 1 have been calculated using the correlating equa-
tion for thermal conductivity reported in the next section
(see below eq 9) for various experimental path (isotherm—
isopleth, isobar—isopleth, and isotherm—isobar). The maxi-
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Figure 9. Measured values of thermal conductivity of H,O + Sr(NO3); (a) and H,O+ LiNOs (b) solutions as a function of pressure for
various temperatures and compositions together with values of thermal conductivity for pure water calculated with the 1APWS16
formulation. (a) H,O + Sr(NOgz),, T = 479.55 K: @, 0.249 mol-kg~1; O, 0.525 mol-kg~1; O, 1.181 mol-kg~1; W, 2.015 mol-kg~!. (b) H,O +
LiNOs, T = 373.15 K: @, 1.0 mol-kg™%; O, 1.7 mol-kg~%; O, 2.8 mol-kg~; W, 3.9 mol-kg~1; solid line, calculated from eq 1; dashed line,

calculated from the IAPWS?6 formulation for pure water.

Table 8. Deviation Statistics for H,O + Sr(NO3), and H,O
+ LiNO3 Solutions

H,0+Sr(NO3);
m/mol-kg~t
deviation 0.249 0.525 1.181 2.025
AAD 1.00 0.87 0.72 0.95
bias -0.10 0.20 0.44 0.95
std dev 1.14 0.90 0.82 0.56
std err 0.16 0.15 0.12 0.10
N 51 44 44 35
H,O+LiNO3
m/mol-kg~?t
deviation 1.0 1.7 2.8 3.9
AAD 0.89 1.13 1.26 1.25
bias -0.21 -0.63 -0.61 —-0.60
std dev 1.03 1.16 1.25 1.37
std err 0.17 0.19 0.24 0.34
N 40 40 11 35

mum values of (1/4)(0A/9P)t and (1/1)(dA/0T)p were found to
be 2 x 1075 and 4 x 1075, respectively.

The systematic uncertainties of the thermal conductivity
©®; measurements can be estimated from the equation

1 3% 2 3% 2 3% 2
@’*‘il(w)sf* *(@)SQ R =0l B

The systematic uncertainties of the measured quantities
are: g = 5.2 x 10™* W is the systematic uncertainty of
the heat flow; 6,1 = 0.001 K is the systematic uncertainty
of the temperature difference; fqios = 5.0 x 107* W is the
systematic uncertainty of the heat losses through the ends
of the measuring cell. The uncertainty of temperature and
pressure measurements are: 61 = 0.02 K and 6p = 0.03

Table 9. Parameters a;jx of Equation 9

MPa at pressures up to 60 MPa. The corresponding
uncertainty of the thermal conductivity measurement
related with uncertainties of temperature and pressure
measurements is estimated to be less than 0.006%.

The uncertainty in heat flow Q measurement is about
0.1%. To make sure that the cell was in equilibrium, the
measurements were started 10 hours after the time when
the thermostat temperature reached the prescribed tem-
perature. About 5—6 measurements are carried out at one
state, and the average value of thermal conductivity is
calculated. Reproducibility (scattering of the different
measurements) of the measurements is about 0.5%.

From the uncertainty of the measured quantities and
the corrections mentioned above, the total maximum
relative uncertainty 6A/1 in measuring the thermal con-
ductivity was 2%. The relative systematic uncertainty ©;/4
was 0.002. All of the other uncertainties were assumed
negligible.

Performance Tests. To check and confirm the accuracy
of the method and procedure of the measurements, thermal
conductivity data were taken for pure water and toluene
in the temperature range from (300.6 to 704.2) K at
pressures up to 60 MPa and for agueous NacCl solutions
along the isobar of 20 MPa and concentration of 20 mass
%. Tables 1 and 2 provide a detailed comparison present
test measurement results for pure water and toluene with
the reference data for water (IAPWS?6 and Ramires et al.??)
and toluene (Ramires et al.,?2 Lemmon et al.,?® and Ma-
medov and Akhundov?). The comparison between the
present measurements for H,O + NaCl solution with the
data reported by other authors®25=27 is given in Table 3.
Figures 4, 5 (parts a and b), and 6 also demonstrated the
direct comparison between the present measurements of
thermal conductivity for pure water, toluene, and H,O +
NaCl solution and the values calculated with various

H,0+Sr(NOs), H,O+LiNO;
i=0 i=1 i=0 i=1
k j=o0 j=1 j=o0 ji=1 j=o j=1 j=0 j=1
0 05607 x 109  7.7556 x 104 —4.8916 x 104 —3.0969 x 10-6  0.5697 x 100  9.0083 x 10~ —1.4940 x 102 —4.3446 x 10~5
1 17773 x 103 —6.9969 x 106 —50504 x 106 58904 x 10° —1.6694 x 10~ —9.2409 x 106 —4.3451 x 105  2.0500 x 106
2 —6.3080 x 106 37035 x 108 15390 x 108 —1.3926 x 10°1°  6.0137 x 10  5.1106 x 108 15168 x 107 —8.3197 x 10~°
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Figure 10. Comparison of the concentration dependence of the present thermal conductivity results for H,O + Sr(NOs3), solutions with
the data reported in the literature at various temperatures and pressures. @, this work; O, Abdulagatov and Magomedov;* *, IAPWS16

(pure water).

correlation equations and reported data from the literature.
The NIST correlation by Lemmon et al.?® (REFPRO) was
developed without using any experimental data for toluene.
This correlation was based on an extended corresponding-
states model for the thermal conductivity developed by
McLinden et al.?2® Therefore, the agreement between the
present thermal conductivity measurements and prediction
values of thermal conductivity for toluene (Lemmon et al.,?
REFPRO) is acceptable (AAD = 2.2%, slightly exceeding

the present experimental uncertainty). As Figure 4 (parts
a and b) and Table 1 demonstrate, the agreement between
test measurements for pure water and IAPWS? calcula-
tions is excellent (AAD = 0.44%, much lower than their
experimental uncertainty). Excellent agreement is found
between 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.?!
(AAD = 0.25%). The agreement between the literature
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from eq 1, dot-dashed line, eq 9.

data>25-27 for H,O + NaCl solutions and the present
measurements is within (0.34 to 1.72)% (see Table 3). This
excellent agreement for test measurements confirms the
reliability and accuracy of the present measurements for
H,O + Sr(NO3), and H,O + LiNOj solutions and corrects
operation of the instrument.

This thermal conductivity apparatus had been success-
fully employed in three previous studies of thermal con-
ductivity of aqueous solutions!~3 (H,O + Li,SO,4, H,O +
Zn(N03)2, H,O + Ca(N03)2, and H,O + Mg(N03)2) at hlgh
temperatures and high pressures.

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

Results and Discussion

Measurements of the thermal conductivity for the aque-
ous Sr(NOs3), solutions were performed along five isobars
(0.1, 10, 20, 30, and 40) MPa between (294.11 and 591.06)
K for five molalities, namely, (0.249, 0.525, 1.181, 2.025,
and 3.150) mol-kg™*, while for aqueous LiNOj3 solutions,
measurements were made at four isobars (0.1, 10, 20, and
30) MPa for four molalities (1.0, 1.7, 2.8, and 3.9) mol-kg—?
between (293.15 and 573.15) K. The experimental temper-
ature, pressure, composition, and thermal conductivity
values are presented in Tables 4—7. The average temper-
ature in the fluid layer equals Tawer = T1 + 0.5AT, where
T, is the temperature of the outer cylinder and AT is the
temperature difference across the measurement gap. The
values of Tayer Were accepted as experimental temperatures.
Some selected experimental results are shown in Figures
7 (parts a and b) through 10 (parts a and b) as projections
of isopleth—isotherm (constant composition and constant
temperature), isobar—isotherm (constant pressure and

constant temperature), and isopleth—isobar (constant com-
position and constant pressure) in the A-T, A-P, and A-m
spaces together with values calculated from IAPWS?6 for
pure water and various correlation equations from the
literature. The thermal conductivity of H,O + Sr(NO3), and
H,O + LiNO; solutions was measured as a function of
temperature at constant pressure for various compositions.
In Figures 7 (parts a and b) and 8 (parts a and b), the
temperature dependence of the measured values of thermal
conductivity for the H,O + Sr(NO3), and H,O + LiNO;
solutions along various isobars and compositions. On each
isopleth—isobaric curve, the thermal conductivity shows its
maximum value at temperatures between (406 and 437)
K for H,O + Sr(NO3), and between (413 and 433) K for
H,O + LiNO3 depending of pressure and concentration. For
pure water, this maximum occurs at temperatures between
(409 and 421) K as pressure changing between (20 and 60)
MPa. The thermal conductivity maximum is largely af-
fected by composition and pressure. For example, for
concentration of 0.525 mol-kg~! at pressures of 10 MPa,
the maximum in the thermal conductivity occurs at a
temperature of about 415 K and shift to the high temper-
ature of about 425 K as composition changes. At the same
isobar (10 MPa), the maximum of thermal conductivity for
pure water occurs at a temperature of 405 K. The pressure
and composition dependence of the thermal conductivity
maximum for aqueous salt solutions were studied by
Abdulagatov and Magomedov.%—12

Figures 9 (parts a and b) shows the results of the thermal
conductivity measurements for H,O + Sr(NO3), and H,O
+ LiNOg solutions as a function of pressure. Along each
isopleth—isotherm, the thermal conductivity increases
almost linearly as the pressure increase in the temperature
range up to 591.06 K and at pressures up to 40 MPa. The
composition dependences of the measured thermal conduc-
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— Acat)/Acal, OF the experimental thermal conductivities for H,O +

LiNOs solutions from the values calculated with eq 1. ®, 10 MPa; O, 20 MPa; O, 30 MPa.

tivities for H,O + Sr(NO3), solutions for two selected
isotherms (353.15 and 473.15) K and two isobars (20 and
40) MPa are shown in Figure 10 (parts a and b), together
with data reported by Abdulagatov and Magomedov.* The
thermal conductivity of the solution monotonically de-
creases with composition. As one can see from Figure 10
(parts a and b), the composition dependence of the thermal
conductivity exhibits a small curvature at high composi-
tions (m > 1 mol-kg~1). Extrapolation of the high composi-
tion measurements to zero concentration (m — 0) gives
values in good agreement with the data for pure water (see
parts a and b of Figure 10). Figure 11 shows comparisons
of the composition dependence of the present thermal
conductivity data measurements for H,O + Sr(NOs3), solu-
tions at atmospheric pressure for two isotherms (313.15
and 373.15) K with the data reported by Abdulagatov and
Magomedov* and Aseyev.1* As one can see from Figure 11,
the data reported by Aseyev'4 is systematically higher
(about 2.5%) than the present data and the data reported
by Abdulagatov and Magomedov.* Figure 11 also illustrates
the good consistency of the concentration dependence of

thermal conductivity of H,O + Sr(NOjz), measured in
present work and reported by Abdulagatov and Magome-
dov.*

The present results for thermal conductivity of H,O +
Sr(NO3); solutions at three pressures (0.1, 20, and 40) MPa
can be directly compared with experimental values re-
ported by Abdulagatov and Magomedov.* Figures 7 (parts
a and b) and 8 (parts a and b) contain the values of thermal
conductivity measured by Abdulagatov and Magomedov*
and calculated from correlation eq 1 for H,O + Sr(NOs3),
and H,0O + LiNOj3 solutions together with present results.
The deviation plots are given in Figures 12 and 13. The
deviation statistics of the comparisons between present
thermal conductivity data and values calculated with
correlation eq 1 for H,O + Sr(NOg), and H,O + LiNO;3
solutions are given in Table 8 for each measured composi-
tion. For all of the data, the AAD values are 0.89% and
1.1%, respectively, for H,O + Sr(NO3), and H,O + LiNO;
solutions. Only extrapolation of the eq 1 to high temper-
atures (above 473.15 K) and to high compositions (above
25 mass %) describes the thermal conductivity of H,O +
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Sr(NO3), and H,O + LiNO3 solutions with an accuracy that
exceeds their experimental uncertainty (2%). Figures 8
(parts a and b) illustrates that extrapolated values of
thermal conductivity to validity out of range of the eq 1
are reasonably consistent with the present measurements.
This is still good because the temperature, pressure, and
concentration ranges where eq 1 is valid are (273.15 to
473.15) K, up to 100 MPa, and (0 to 25) mass %. Excellent
agreement (within 0.5%) is fond between present data and
values predicted by Riedel®° equation.

Correlation

Because of the lack of theoretical background on the
temperature, pressure, and composition, dependency of the
thermal conductivity for aqueous salt solutions, empirical
and semiempirical correlation equations, and prediction
techniques are using the literature. The results of the
(4,P,T,m) measurements for H,O + Sr(NO3), and H,O +
LiNOj solutions were represented by the equation

1 1 2
AW-m K = Z zb Z aym'Pt 9)
i=0 j=0 K=

where 4 is the thermal conductivity of the solution, t is the
temperature in °C, and P is the pressure in MPa.

At high concentrations (m > 1 mol-kg~?1), nonlinear terms
for the composition dependence in eq 9 have to be included.
Equation 9 describes the thermal conductivity of H,O +
Sr(NO3), and H,O + LiNO3 solutions with an accuracy that
does not exceed their experimental uncertainty. The aver-
age absolute deviation between measured and calculated
values with eq 9 is (0.5 to 0.7)%. The coefficients of eq 9
have been exclusively determined in order to minimize the
mean quadratic deviation of the fitted experimental ther-
mal conductivity values. The derived values of the coef-
ficients a;j, bjj, cj;, and djj in eq 9 for H,O + Sr(NOs), and
H,O + LiNOgs solutions are given in Table 9. Equation 9 is
valid in the temperature range from (290.15 to 595.15) K,
at pressures up to 40 MPa, and for composition up to 4
mol-kg~1.

Conclusion

The thermal conductivities of five aqueous Sr(NOj3),
solutions (0.249, 0.525, 1.181, 2.025, and 3.150) mol-kg~*
and four aqueous LiNOj; solutions (1.0, 1.7, 2.8, and 3.9)
mol-kg~! have been measured with a coaxial-cylinder
(steady) technique. Measurements were made at five
isobars (0.1, 10, 20, 30, and 40) MPa for H,O + Sr(NO3),
and at four isobars (0.1, 10, 20, and 30) MPa for H,O +
LiNO; solutions. The range of the temperature was (293.13
to0 591.06) K. The total uncertainty of thermal conductivity,
pressure, temperature, and composition measurements
were estimated to be less than 2%, 0.05%, 30 mK, and
0.02%, respectively. The temperature, pressure, and con-
centration dependencies of thermal conductivity 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,
toluene, and H,0O + NaCl. The experimental and calculated
values of thermal conductivity for pure water from IAP-
WS16 formulation show excellent agreement within their
experimental uncertainties (AAD within 0.44%). Agree-
ment between present test measurements for aqueous
NaCl solution and the data sets reported in the literature
is within (0.64 to 1.72) %. The correlation equation for

thermal conductivity was obtained as a function of tem-
perature, 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 0.5—0.7%. The
measured thermal conductivity values of solutions were
compared with the data reported in the literature by other
authors. Good agreement (deviations within 0.72 to 1.25%)
is found between the present measurements and the data
sets reported by other authors in the literature.
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