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Isochoric Heat Capacity of Heavy Water at
Subcritical and Supercritical Conditions
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The heat capacity of heavy water was measured in the temperature range from
294 to 746 K and at densities between 52 and 1105 k g . m - 3 using a high-tem-
perature, high-pressure adiabatic calorimeter. The measurements were performed
at 14 liquid and 9 vapor densities between 52 and 1105 k g . m - 3 . Uncertainties
of the measurements are estimated to be within 3 % for vapor isochores and
1.5% for the liquid isochores. In the region of the immediate vicinity of the criti-
cal point (0.97 <T/Tc< 1.03 and 0.75<p/pc< 1.25), the uncertainty is 4.5%.
The original Cv data were corrected and converted to the new ITS-90 tempera-
ture scale. A parametric crossover equation of state was used to represent the
isochoric heat capacity measurements of heavy water in the extended critical
region, 0.8 < T/TC< 1.5 and 0.35 <p/pc< 1.65. The liquid and vapor one- and
two-phase isochoric heat capacities, temperatures, and saturation densities were
extracted from experimental data for each measured isochore. Most of the
experimental data are compared with the Hill equation of state, and the overall
statistics of deviations between experimental data and the equation of state are
given.
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1. INTRODUCTION

Isochoric heat capacity measurements are useful in developing equations of
state because they yield valuable information about the second derivative
of the pressure and of the Helmholtz energy with respect to temperature.
Detailed comparisons of experimental Cv data with available equations of
state are needed to establish their accuracy. Cv experiments contain direct
information on the curvature behavior of the P-T isochores, which are
extremely important in the development of a reliable equation of state (EOS).

In this work, we present the results of Cv measurements of heavy water
obtained by Mursalov in 1973 [ 1 ]. The complete results have not been pub-
lished until now. Previously [2], the Cv data of heavy water were published
for two isochores, 303 and 345 kg . m - 3 . In this work, we have collected all
the unpublished isochoric heat capacity data of heavy water measured by
Mursalov. These data have been evaluated, sources of uncertainties were
assessed, and the data were corrected when required and converted to the
ITS-90 temperature scale. The heat capacity at constant volume, Cv, of
heavy water has been measured in this work in the temperature range from
294 to 746 K and at densities between 52 and 1105 kg . m -3 in the one- and
two-phase regions. These regions include saturation as well as subcritical
and supercritical conditions. The measurements were made in a high-tem-
perature, high-pressure, adiabatic, and nearly constant-volume calorimeter.
These experimental results contribute to the development of models of the
crossover behavior of Cv. Detailed comparisons with the Hill et al. [ 3 ] EOS,
additionally described by Kestin and Sengers [4], and overall statistics are
presented. An application of the parametric crossover equation of state
proposed by Kiselev et al. [ 5 ] to these data is presented.

2. EXPERIMENTAL

For studying the heat capacities of liquids, gases, and their mixtures at
constant volume, including near the critical point, the following require-
ments are usually imposed on the measuring system: (1) the calorimeter
should reliably ensure adiabatic conditions, (2) the heat capacity of the
empty calorimeter should be small in comparison with that of the substance
to be studied, and (3) the system should operate over a wide range of state
conditions. Near the critical point, additional features must be considered,
such as the sensitivity of a substance to external disturbances and the dif-
ficulty of achieving a homogeneous equilibrium state. This leads to addi-
tional restrictions on the experimental apparatus: (4) the temperature step
should be small, (5) the system should ensure stable operation for a long
period, and (6) gravitational effects must be reduced to a minimum.
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These requirements are satisfied by the high-temperature, high-pres-
sure, integrating adiabatic calorimeter used in this work. The main ideas
underlying this method, which is intended for experimental studies of heat
capacity at constant volume of liquids and gases over a wide range of tem-
peratures (from room temperature to 1000°C) and pressures (to 100 MPa),
including the critical region, were formulated by Amirkhanov et al. [6, 7].
These ideas were realized in practice and successfully employed for experi-
mental measurements of Cv for various fluids and fluid mixtures in the
extended critical region [8-18].

2.1. Principle of the Method

If a layer of a semiconductor is placed between two concentric spheri-
cal vessels, the system will behave as a highly sensitive thermoelement that
can serve as a sensor detecting deviations from adiabatic conditions. In
such a calorimeter, only the inner thin-walled vessel and the adjacent por-
tion of the semiconductor layer contribute to the heat capacity of the
calorimeter itself. The semiconductor layer simultaneously plays the role of
a buffer that transmits pressure from the thin inner shell to the thicker
outer shell. This makes it possible to increase the strength of the
calorimeter without increasing its heat capacity. Adiabatic conditions are
reliably maintained in this calorimeter.

The walls of the inner vessel are maintained at a temperature T, and
the walls of the outer vessel are maintained at a higher temperature
T+DT. The intensity of the electric field in the semiconductor layer is
determined by the relationship [7]

where a is the thermoelectric power, which depends on the nature of the
semiconductor material and temperature T. When the outer and the inner
shells of the calorimeter are connected through a sensitive galvanometer,
a direct current /, which is caused by the thermal emf, passes through the
circuit [7],

From the value of this current, the magnitude of the temperature gradient
between the calorimeter shells can be calculated. Cuprous oxide (Cu2O)
has a very high a (about 1150 uV . K - 1 ) in comparison with other semi-
conductors. This makes it possible to detect extremely small temperature
differences. Temperature differences between the shells as small as 10 -6 K
may be detected by connecting the leads from the calorimeter shells to a
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potentiometer. This makes it possible to almost eliminate heat transfer
through the semiconductor layer during the whole cycle of measurements.
In this case, the heat that is released by the heater located in the
calorimeter is used only to heat the substance located inside the inner thin-
walled shell of the calorimeter and a thin layer of cuprous oxide that
directly adjoins the inner shell. The rest of the system is heated by an exter-
nal heater. Thus, only the heat capacities of the sample, located in the inner
shell of the calorimeter, and of the adjacent portion of the semiconductor
layer take part in the thermal balance of the calorimetric system. If a solid
semiconductor tightly fills the gap between the concentric shells, heat
exchange between the calorimeter and the shell occurs only by thermal
conduction. If a liquid or a vacuum is used between the shells, heat losses
are caused not only by thermal conduction, but also by convection and
radiation. Since cuprous oxide has a low thermal conductivity (L = 2.09
W . m -1 . K -1), the use of this semiconductor leads to only small heat
losses.

A layer of a fine powder semiconductor material uniformly filling the
gap between the concentric shells acts as an adiabatic integrating regulator.
If the temperature field at the surface of the calorimeter becomes non-
uniform, conditions can easily be made such that the net emf in the thermo-
element circuit becomes zero. Since the thermal emf is caused by the
temperature gradients existing in the bulk of the semiconductor, which may
not be zero at all points of the surface due to the nonuniform temperature
field, the net thermal emf is [ 7 ]

and may be zero even if there are regions where the local temperature
gradients (grad T) have opposite signs. The heat flux through a unit area
of the semiconductor surface layer per unit time is

where L is the thermal conductivity of the semiconductor layer. The heat
flux through the whole surface is [7]

For a homogeneous substance (semiconductor layer), L and a are the same
at all points and thus the net heat flux through the thermoelement is zero
(Q = 0).
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2.2. Construction of the Calorimeter

The details of the construction of the calorimeter are given in several
papers [7-11]. A schematic of the Cv calorimeter is presented in Fig. 1.
The calorimeter is a multilayered system which consists of an internal thin-
walled vessel (1), outer adiabatic shells (3-5), and a semiconductor layer
(2) between them. The inner vessel (1) is made of 1X18H9T stainless steel
and has walls 0.5 to 0.8 mm thick. Cylindrical wells are used for an internal
heater (6), a resistance thermometer (8), and measuring thermocouples.
The outer shell (3) is made of the same steel but has walls 8 mm thick. The
heater of the outer shell (3) is made of a copper wire (0.18 mm in diameter
in a glass-fiber insulation) double-wound on the surface of the shell. In
order to improve thermal contact, the heater is cemented to the surface of
the shell with K-47 lacquer. This helps to improve the isothermal condi-
tions of the external surface of the calorimeter.

Fig. 1. Schematic representation of the apparatus for Cv measure-
ments: (1) inner thin-walled spherical vessel; (2) semiconductor layer of
Cu2O; (3-5) outer shells; (6) inner heater; (7) perforated stirrer; (8)
PRT-10; (9) filling pipe; (10) steel tap; (11) outer heaters; (12) asbestos
gasket.



A thermoelement [semiconductor layer (2)] of cuprous oxide was
used. It has a thermal emf of about 1150 uV . K - 1 , which is almost inde-
pendent of temperature between 350 and 750 K. Cuprous oxide has a low
thermal conductivity and serves as a heat-insulating layer, which greatly
decreases heat losses. Simultaneously, the cuprous oxide layer plays the
role of a differentiating medium transmitting pressure to the stronger outer
shells (3-5). The out-of-balance signal from the integrating thermoelement
(cuprous oxide) was first applied to the input of an amplifying microvolt-
meter, whose output feeds a high-precision temperature regulator (HPTR).
The circuit used for controlling adiabatic conditions in the system enabled
the out-of-balance temperature to be maintained within 10 -5 K.

The calorimeter was mounted using four studs in a ring of a rotating-
oscillating mechanism that can be used to mix the liquid in the calorimeter.
A thermal shield decreased convective flows and improved the uniformity
of the temperature field in the thermostat. This shield (made of aluminum)
consisted of two hemispheres 150 mm in diameter with walls 3 mm thick.
The heater of the shield was made of a constantan wire (0.2 mm in
diameter, covered with a glass-fiber insulation) wound onto the whole sur-
face and cemented with a lacquer. The sensor of the temperature difference
(out-of-balance signal) between the calorimeter shell and the shield con-
sisted of a five-junction copper-constantan thermopile whose signal was fed
to an R-363/2 potentiometer, and from this potentiometer it was fed to a
high-precision temperature regulator. The temperature difference was con-
trolled within 5 x 10 - 3 K.

The calorimeter and the shield were placed in a spherical thermostat
which consisted of two massive hemispheres made of 20 mm thick alumi-
num. The heater of the thermostat was made of a constantan wire 0.6 mm
in diameter in a glass-fiber insulation 0.5 mm thick and was tightly wrapped
onto the whole surface of the thermostat. To improve the electric insula-
tion, the surface of the thermostat was covered with a heat-resistant lac-
quer. The heater was powered by an HPTR, and the temperature changes
were controlled with a differential thermocouple connected to an R-348
potentiometer. A differential copper-constantan thermocouple made of
wires 0.15 to 0.30 mm in diameter in a glass-fiber insulation was used as
a temperature sensor. In order to improve thermal contact, the thermo-
couple junctions were caulked into the channels of the thermostat and
shield and were insulated with a lacquer. The circuit was controlled by
proportional-integral regulation and maintained a desired temperature to
within 0.1 K in the range between 300 and 700 K.

The spherical thermostat, in turn, was placed in a protective jacket.
When making measurements near the critical point, the sample was
vigorously mixed using a stirrer made of a thin perforated foil of stainless
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steel. The mixing was performed by rotating the calorimeter about the
vertical axis. The temperature of the sample was measured by a miniature
standard resistance thermometer (Type PTS-10; R0 = 10.1230 O, R100/R0 =
1.39238).

2.3. Heat Capacity of the Empty Calorimeter

The heat capacity of the empty calorimeter C0 was determined experi-
mentally using standard substances (water and nitrobenzene) with well
known isobaric heat capacities at atmospheric pressure in the temperature
range up to 423 K [ 12, 13] with a correction for the temperature dependence
of the heat capacity of the material of the calorimeter. At higher temperatures
(T>423 K) the value of C0 was determined by using the isobaric heat
capacity at atmospheric pressure of air [14]. The uncertainty of C0 mea-
surements is 0.5 to 1.5%, depending on the temperature range. For mea-
surements of the isochoric heat capacity of heavy water, two calorimetric
vessels made from stainless steel and platinum with volumes at 293 K of
100.58 + 0.05 cm3 and 413.92 + 0.03 cm3 were used. The values of the
empty calorimeter heat capacities were 43.96 J . K - 1 for stainless steel and
128.96 J . K-1 for platinum.

The heat capacity of the calorimetric system was also calculated as the
sum of the heat capacities of the inner vessel, stirrer, connecting pipes, the
layer of cuprous oxide, etc., using the relationship [7, 8]

where m is the mass of the inner shell with the stirrer, m0 is the mass of
cuprous oxide, C1 and C2 are the heat capacities of steel and cuprous
oxide, respectively, and r1 and r2 are the radii of the inner and outer shells
of the calorimeter. The calculated values of C0 were systematically lower
than measured values by 4 to 5 % because the calorimeter was multilayered.

2.4. Measurement of the Working Volume of the Calorimeter

The working volume of the calorimeter is the volume of its inner shell
minus the volumes occupied by the stirrer and wells for both the resistance
thermometer and the inner heater. In order to determine the working
volume, the calorimeter was thoroughly washed, dried, and weighed on a
VLT-1 analytical balance to an accuracy of 0.5 mg. After this, the
calorimeter was filled with twice-distilled water and was weighed again.
At a given temperature and atmospheric pressure, the volume of the
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calorimeter can be found from the density of water. Five or six repetitions
at different temperatures were used in each experiment. The uncertainty in
determining the working volume of the calorimeter did not exceed 0.04%.
Changes in the volume of the calorimeter due to changes in temperature
(DVT) and pressure ( D V P ) were determined both experimentally and by
calculation.

Assuming that the inner shell is spherical, the correction for the effect
of pressure was calculated by the formula

where u = 0.3 is Poisson's ratio for steel, E = 2.0265 x 105 MPa is the
Young's modulus of the steel, P is the working pressure in the vessel,
P0 is the ambient pressure, n2 = R/r, R is the outer radius, and r is the
inner radius of the sphere.

Since the calorimeter represents a multilayered (nonuniform) sphere
consisting of layers of steel, cuprous oxide, and again steel, the validity of
Eq. (7) in calculating the change in volume at a specified pressure was spe-
cially tested in Ref. 15 for the calorimeter with V0 = 400.99 cm3. At 5 MPa,
the correction for the pressure effect was 0.065 cm3. The difference between
Eq. (7) and the actual expansion was 20%. The error in the determination
of the calorimeter volume with corrections for DVT and DVP varies
between 0.05 and 0.09 % in the temperature range of 300 to 600 K.

2.5. Preparation of the Calorimeter and the Technique of Measurements

Before the experiments were run, the calorimeter was thoroughly
washed with a special solution consisting of 77% H2O, 2% KClO4, 1 %
NaCl, and 20% H2SO4 by mass. The solution was warmed to 40 to 50°C,
poured into the calorimeter vessel, and intensely shaken. Then, the
calorimeter was rinsed with hot flowing distilled water for 5 to 8 h. After
the washing was completed, the calorimeter was weighed and filled with the
liquid to be studied, using a special apparatus [8]. Before it was filled, the
calorimeter vessel was carefully evacuated and the calorimeter was filled
with the substance to be studied and was again weighed. The mass of the
substance in the calorimeter was determined by the difference in the
weights of the empty and full calorimeter.

Measurements of Cv were carried out at constant volume by the con-
tinuous-heating method. This method enables one to determine, to a good
accuracy, the transition temperature Ts of the system from the two-phase
to a single-phase state (i.e., to determine Ts and Rs data corresponding to
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the phase coexistence curve), the jump in the heat capacity DCv, and
reliable Cv data in the single- and two-phase regions.

After the heaters of the thermostat, shield, and external jacket were
switched on, the system was brought to the desired temperature. The
desired temperature was adjusted and controlled automatically. In the
calorimeter, three thermocouples were placed at different depths. The ther-
mal control was established so that all three thermocouples showed the
same temperature, which indicated that the system had reached thermo-
dynamic equilibrium. A constant thermoelectric potential difference was
established across the layer of cuprous oxide; this difference ensures the
absence of heat exchange between the calorimeter and the jacket. Switching
on the internal heater disturbed the equilibrium of the heat exchange
process for a few minutes, but it was restored quickly by automatically
controlling the power supplied to the external jacket of the calorimeter.
The rate of temperature change, determined by the power supplied to the
internal heater, varied from 5 x 10 -4 to 8 x 10 - 5 K . s - 1 , depending on the
region where the investigation was carried out. Near the critical point and
the phase transition curve, the measurements were performed using mini-
mal rates.

In the region of regular behavior of Cv, the measurements were
carried out in temperature steps of 0.15 to 0.20 K; in the region of critical
anomalies, the step was decreased to 0.02 to 0.05 K. The heat capacity Cv

is calculated by the expression

where m is the mass of the sample in the calorimeter, DQ = IUt is the
amount of heat released by the internal heater, I is the current passing
through the internal heater, U is the voltage drop, T is the time of heating,
and C0 is the heat capacity of the empty calorimeter.

2.6. Uncertainties in Measuring Cv

The uncertainty in Cv measurements arises from several sources. The
heat capacity experiment was subjected to two general types of uncertain-
ties: measurement errors and nonmeasurement errors. Measurement uncer-
tainties were associated with uncertainties that exist in measured quantities
contained in Eq. (8) used to compute Cv from experimental data. Non-
measurement errors were associated with deviations of actual experimental
conditions from the mathematical model used to derive the equation for
computing the heat capacity.
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The heat capacity was obtained from the measured quantities m, I, U,
t, DT, and C0. The accuracy of the heat capacity measurements was
assessed by analyzing the sensitivity of Eq. (8) to the experimental uncer-
tainties of the measured quantities. The maximum relative uncertainty of
Cv associated with m, I, U, t, DT, and C0 measurements can be estimated
from the equation

where q= C0/(mCv) is the factor which depends on the ratio of the empty
calorimeter heat capacity C0 to the product of the heat capacity of the
sample Cv and the mass of the sample m. The terms Dm, DI, DU, Dt, D ( D T ) ,
and DC0 are the relative uncertainties of measured quantities. The heating
time T of the experiment was measured with an F-5041 frequency meter
with an accuracy of 0.01 s. The relative uncertainty in determining the
supplied amount of heat DQ was D( DQ) = DI+DU+DT = 0.08 % (DI=0.02%,
DU=0.06%, and DT = 0.003%). The relative uncertainty D ( D T ) in deter-
mining the temperature difference depended on the magnitude of this dif-
ference. In the region where the heat capacity changes sharply (near the
phase transition and critical points) and DTwas small (0.02 to 0.05 K), the
uncertainty in determining AT was 0.5%. In the region where the heat
capacity does not change rapidly (far from phase transition and critical
points) and AT was 0.5 to 1.0 K, the measurement uncertainty was about
0.05%. The relative uncertainty in determining the mass m of the sample
was 0.01 %. The temperature was measured with a PRT (PTS-10) mounted
in a tube inside the calorimetric sphere. The thermometer was calibrated on
IPTS-68. The uncertainty of temperature measurements was less than 10 mK.
The density of the sample was determined as the ratio of the mass of the
sample m to the working volume VPT of the calorimetric vessel, D = m/ VPT.
The volume VPT of the calorimeter was corrected for its variation with
temperature T and pressure P (see Section 2.4). The average value of the
working volume was determined with an uncertainty that did not exceed
0.04%. The sample density also changed because of the temperature- and
pressure-related changes of the calorimeter volume during heat capacity
measurements. Thus, the measurements were actually performed along
quasi-isochores.

In Eq. (9), the major measurement uncertainties are associated with
the terms qDC0, qD(DT), and D ( D T ) , which represent the uncertainties
involved in the measured empty calorimeter heat capacity C0 and tem-
perature difference AT. As the factor q increased, the uncertainty in Cv
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measurements increased linearly. Therefore, the calorimeter must be
designed with the condition q<1, that is, C 0 < m C v . The uncertainty in
Cv measurements depends on the mass m of the measured sample. There-
fore, for the vapor isochores (small m) the uncertainty in Cv measurements
is large and for the liquid isochores (large m) the uncertainty in Cv

measurements is lower. For our construction of the calorimeter, the values
of q fell in the range from 0.15 to 0.9.

At a selected experimental temperature T and density D, the measure-
ments of Cv were performed with different temperature differences AT
(from 0.03 to 0.5 K) and energy differences DQ (from 400 to 820 J). The
measured heat capacities were indeed independent of the applied tempera-
ture differences and power differences. The measurements agreed within
0.3 % when the applied temperature and power differences varied by a factor
of 3. All measurements were made with the samples vigorously stirred using
a stirrer made of a thin perforated steel foil. This permitted reduction of the
errors caused by gravity and achieved homogenization of the sample.

The major sources of nonmeasurement (systematic) uncertainties
included the following: (1) the nonisochoric behavior of the apparatus
(deviations of the system from a constant volume) during heating, (2) the
nonadiabatic conditions of the system, (3) stray heat flows through the
calorimeter not controlled by the semiconductor layer, e.g., parasitic flows
caused by spurious temperature differences, and (4) random errors that
lead to scatter in experimental data.

The correction related to the nonisochoric behavior during heating
was determined by the relation [10]

where the partial derivatives refer to the sample under study and the
ordinary derivatives refer to the calorimeter. This correction was deter-
mined to an uncertainty of 5%, which constitutes 0.5 to 1.0% of the total
magnitude of the heat capacity in the temperature range from 300 to 650 K.

The possible supply or removal of heat through the layer of the ther-
moelement caused by the imperfect adiabatic behavior of the system was
determined from the relation [7]
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Table I. Experimental Values of the Isochoric Heat Capacities of Heavy Water in the Single-
and Two-Phase Regions (T= Texp-0.45 K)

T
(K) (kJ

Cv
.kg-1-K-1)

p = 1104.97 kg.m-3

293.835
294.075
294.315
294.555
295.044
295.294
295.524
295.764
302.492
302.722
302.962
303.202
312.610
312.840
313.079
317.488
317.718
317.948
322.537
322.767
322.997
332.734
332.954
333.174
342.501
342.721
342.941

4.204a

4.208a

4.195a

4.208a

4.183
4.174
4.170
4.174
4.128
4.132
4.124
4.137
4.044
4.053
4.049
4.061
4.044
4.019
3.994
3.986
3.998
3.877
3.844
3.827
3.806
3.751
3.768

p = 1095.29 kg. m-3

321.617
322.307
322.767
323.227
323.677
323.907
324.136
324.596
324.816
339.412
340.082
340.522
346.440

4.191a

4.187a

4.195a

4.204
4.195
4.032
4.044
4.036
4.019
3.957
3.944
3.944
3.844

T
(K) (kJ

346.880
347.090
347.530
347.690
355.758
356.838
357.488
366.425
367.055
367.475

Cv
.kg-1.K.-1)

3.831
3.839
3.814
3.772
3.693
3.689
3.693
3.626
3.622
3.634

p = 1063.83 kg.m-3

369.585
370.634
371.464
372.094
372.514
372.934
373.084
373.564
374.393
376.893
377.313
377.723
396.959
397.559
398.568
398.968
406.767
407.757
408.947
409.736
415.466
416.245
417.035
417.625

4.204a

4.208a

4.216
4.212
3.756
3.735
3.751
3.747
3.751
3.622
3.630
3.634
3.567
3.538
3.509
3.509
3.442
3.429
3.416
3.416
3.391
3.358
3.341
3.379

p = 1017.29 kg.m-3

418.805
419.585
420.565
421.535
422.125

4.250a

4.262a

4.262a

4.271a

4.262a

T Cv
(K) (kJ.kg-1.K-1)

422.515
422.895
425.604
426.374
426.754
442.862
444.002
444.572
446.462
446.852
447.412
455.871
456.621
456.991

3.492
3.500
3.496
3.467
3.454
3.308
3.337
3.316
3.282
3.253
3.262
3.220
3.228
3.215

p = 1008.06 kg.m-3

427.724
428.114
428.494
428.884
429.654
430.234
430.624
431.004
431.393
431.583
432.543
433.893
434.463
435.233
436.193
436.763
445.522
446.282
446.662
447.602
447.982
455.861
456.431
456.811
457.931
458.301
466.861

4.197a

4.188a

4.213a

4.197a

4.197a

4.213a

4.222a

4.226a

3.444
3.478
3.465
3.457
3.453
3.428
3.415
3.440
3.315
3.294
3.273
3.298
3.269
3.214
3.223
3.210
3.260
3.219
3.181
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Table I. (Continued)

T
(K.)

467.411
467.971
468.151
468.521
468.891

Cv
(kJ.kg-1.K-1)

3.156
3.143
3.143
3.127
3.143

p = 957.85 kg.m-3

469.081
469.451
469.821
470.930
471.850
472.220
472.400
472.770
473.140
473.690
474.240
490.600
491.500
492.220
492.590
499.790
505.370
506.810

4.312a

4.346a

4.359a

4.350a

4.359a

4.379a

4.371a

3.266
3.266
3.278
3.224
3.107
3.132
3.102
3.077
2.981
2.973
2.964

p = 925.93 kg.m-3

492.950
493.310
493.850
494.030
495.830
496.010
496.550
496.910
497.270
497.450
497.810
498.890
499.610
499.790
503.930
504.110

4.293a

4.289a

4.322a

4.339a

4.330a

4.330a

4.339a

4.347a

4.351a

3.198
3.194
3.206
3.173
3.202
3.156
3.131

T
(K)

504.290
504.650
508.060
508.240
516.800
517.680
518.560
518.920
519.100
525.810
526.160
527.920
528.970
529.150
531.260
532.120
532.650

Cv
(kJ.kg-1.K-1)

3.118
3.106
3.081
3.093
3.043
3.030
3.030
3.001
2.989
2.926
2.930
2.897
2.918
2.964
2.947
2.930
2.938

p = 882.61 kg.m-3

519.630
519.980
520.870
521.930
522.560
522.990
524.580
526.510
527.040
527.740
542.581
543.101
543.621
543.971
546.231
546.751
547.441
550.551
556.921
557.771

4.572a

4.572a

4.580a

4.589a

4.585a

3.065
3.069
3.065
3.056
3.048
2.922
2.918
2.893
2.889
2.872
2.860
2.839
2.830
2.780
2.772

p = 833.33 kg.m-3

545.021
545.891

4.623a

4.636a

T
(K)

546.931
547.791
548.831
549.521
549.861
550.161
550.721
551.071
552.961
553.481
553.991
555.371
555.541
566.491
566.831
567.341
568.871
571.041
570.911
571.251
585.091
585.421
585.591
588.951
589.141
589.291
589.791
589.961
592.801
593.131
593.301

Cv
(kJ.kg-1.R-1)

4.656a

4.627a

4.644a

4.652a

4.661a

2.976
2.984
2.943
2.943
2.951
2.959
2.984
2.947
2.867
2.822
2.830
2.809
2.846
2.813
2.838
2.750
2.721
2.684
2.742
2.692
2.730
2.721
2.725
2.721
2.654
2.667

p = 783.70 kg.m-3

569.891
570.061
570.741
571.251
571.931
572.611
572.951
573.121
573.791
585.421

4.928a

4.936a

4.940a

4.953a

4.945a

4.953a

2.901
2.860
2.864
2.855
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Table I. (Continued)

T
(K)

586.271
587.441
604.560
605.610
606.770
610.070
610.730
616.829
617.489

Cv
(kJ.kg-1.K-1)

2.839
2.843
2.663
2.659
2.671
2.680
2.646
2.587
2.596

p = 667.56 kg. m-3

609.240
610.070
610.560
611.060
611.720
612.380
614.030
614.690
615.350
630.288
630.778
631.748
632.568
646.816
647.466
649.876
650.206
652.445
653.885
654.525

5.774a

5.786a

5.799a

5.824a

5.841a

2.855
2.851
2.855
2.860
2.784
2.788
2.772
2.776
2.671
2.709
2.633
2.638
2.692
2.675
2.663

p = 492.61 kg.m-3

637.927
638.737
639.707
639.867
640.197
640.677
641.007
641.327
641.487
642.137

7.373a

7.398a

7.423a

7.448a

7.461a

7.503a

3.102
3.098
3.102
3.086

T
(K)

643.757
646.656
647.626
652.125
652.445
676.621
677.561
678.980
681.490
682.430
695.696
696.006
696.316
702.804
703.264
709.242
709.862

Cv
(kJ.kg-1.K-1)

3.065
3.073
3.073
2.998
2.973
2.851
2.860
2.847
2.847
2.826
2.814
2.809
2.839
2.839
2.830
2.797
2.788

p = 400.00 kg.m-3

641.977
642.137
642.467
642.787
642.947
643.107
643.267
643.437
643.597
643.767
643.917
644.077
644.247
644.407
644.567
644.726
644.886
645.046
645.206
645.366
645.536
645.696
645.856
647.466

9.847a

9.935a

10.287a

10.438a

10.969a

11.346a

11.974a

12.351a

13.071a

6.376
5.640
5.422
5.213
5.129
4.986
4.823
4.731
4.605
4.585
4.522
4.467
4.375
4.451
4.325

T
(K)

647.626
647.786
647.946
648.106
648.266
648.426
648.596
651.805
651.965
652.125
652.285
652.445
652.765

Cv
(kJ.kg-1.K-1)

4.304
4.082
4.040
3.977
4.032
3.998
3.994
3.977
3.957
3.852
3.802
3.814
3.852

p = 370.37 kg.m-3

642.787
643.437
643.597
643.757
643.817
644.077
644.407
644.567
644.726
644.886
645.046
645.206
645.366
645.536
645.696
645.856
646.016
646.176
646.336
646.496
646.656
651.006
651.166
651.326
651.486
651.645
651.805
651.965

11.886a

12.560a

13.360a

14.486a

15.784a

8.005
6.720
6.071
6.167
5.677
5.443
5.250
5.234
5.070
4.953
4.919
4.819
4.710
4.652
4.660
4.605
4.526
4.480
4.007
3.952
3.952
3.998
3.977
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Table I. (Continued)

T
(K)

652.125
652.285
652.445
652.605

Cv
(kJ.kg-1.K.-1)

3.910
3.894
3.936
3.894

p = 344.828 kg.m-3

639.707
640.197
640.837
641.327
641.497
641.817
642.137
642.307
642.787
642.947
643.107
643.267
643.427
643.597
643.757
643.917
644.077
644.727
645.047
645.217
645.536
645.696
645.856
646.016
646.176
646.336
646.656
646.816
646.976
647.136
647.306
647.466
647.626
647.786
651.806
652.126
652.445

9.205a

9.401a

10.500a

10.367a

9.978a

10.212a

10.672a

11.023a

12.239a

12.979a

12.423a

13.401a

13.957a

17.021a

18.559a

6.901
6.111
5.421
5.263
5.079
4.815
4.970
4.912
4.882
4.585
4.494
4.368
4.381
4.473
4.443
4.518
4.494
4.439
4.322
4.084
4.004
4.096

T
(K)

652.605
652.765
664.263
664.903
665.703
672.052
672.362
672.672
678.821
679.130
679.290
679.760
683.689
683.999
685.099
690.708
690.868
695.227
695.387
695.536
695.846
698.956
699.106
699.255
699.415
707.873
708.023
710.012
710.162
710.312
710.472
710.932
739.423
740.453
741.472
742.492

Cv
(kJ.kg-1.K-1)

4.021
4.067
3.545
3.499
3.507
3.490
3.465
3.436
3.240
3.240
3.194
3.202
3.152
3.181
3.131
3.185
3.148
3.072
3.039
3.047
3.010
3.068
3.010
3.026
2.993
3.026
3.030
2.888
2.892
2.905
2.842
2.842
2.684
2.621
2.633
2.650

p = 338.41 kg.m-3

642.787
643.107
643.267
643.437
643.597

12.351a

12.812a

12.895a

14.068a

15.198a

T
(K)

643.698
643.710
644.077
644.247
644.407
644.567
644.726
644.886
645.046
645.206
645.286
645.536
645.696
645.846
646.336
646.496
646.756
646.816
646.976
647.146
647.306
650.846
651.006
651.166
651.326
651.486
651.805
651.965

Cv
(kJ.kg-1.K-1)

16.370a

18.966a

7.628
6.967
6.347
6.423
6.146
5.862
5.614
5.409
5.292
5.359
5.234
5.137
5.129
5.083
4.919
4.739
4.647
4.693
4.660
4.187
4.576
4.472
4.082
4.120
4.124
4.103

p = 303.03 kg.m-3

642.947
643.107
643.267
643.597
643.639
643.645
644.087
644.247
644.407
644.567
644.677
644.887
645.047

11.297a

11.765a

11.924a

12.460a

12.824a

13.975a

5.828
5.653
5.230
4.916
4.812
4.628
4.531
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Table I. (Continued)

T
(K)

645.207
645.367
645.526
646.496
646.666
646.816
646.976
647.136
649.076
649.236
649.396
649.636
649.876
651.646

Cv
(kJ.kg-1.K.-1)

4.577
4.456
4.435
4.418
4.289
4.310
4.192
4.142
4.151
4.159
4.167
4.163
4.134
4.138

p=261.10 kg.m-3

641.167
641.487
641.977
642.467
642.787
642.947
643.277
643.597
643.757
644.077
644.407
644.726
645.046
659.324
659.644
659.964
660.284
660.444
660.764
667.443
667.613
667.923
668.083
668.553
668.722
669.032
669.192

12.753a

12.774a

12.761a

12.946a

13.540a

14.101a

4.333
4.258
4.229
4.116
4.082
4.099
4.070
3.718
3.676
3.680
3.718
3.668
3.676
3.488
3.475
3.479
3.454
3.446
3.425
3.442
3.429

T
(K)

669.512
689.308
689.778
690.088
690.238
690.708
691.177
704.654
704.964
705.114
705.274
705.424
705.574
705.724
706.193
722.958
723.998
725.028
726.057
745.571
745.841
746.091
746.350
746.031

Cv
(kJ.kg-1.K-1)

3.429
3.098
3.094
3.102
3.052
3.090
3.056
2.914
2.889
2.868
2.864
2.897
2.897
2.851
2.876
2.747
2.721
2.747
2.680
2.613
2.587
2.587
2.550
2.562

p = 219.30 kg.m-3

637.117
637.277
637.927
638.407
639.067
639.377
639.707
639.867
640.197
640.357
640.837
650.846
651.006
651.166
651.326
651.486
651.645

10.572a

10.526a

10.538a

10.823a

10.936a

11.748a

4.162
3.927
3.818
3.756
3.781
3.659
3.659
3.659
3.605
3.622
3.592

T
(K)

663.154
663.473
664.423
665.223
665.543
684.159
684.469
685.099
685.249
713.681
713.991
714.131
714.441
714.741
714.901
738.393
738.653
738.913
739.173

Cv
(kJ.kg-1.K-1)

3.387
3.391
3.416
3.358
3.341
3.031
2.994
3.040
3.073
2.659
2.650
2.680
2.684
2.642
2.638
2.537
2.533
2.550
2.550

p= 170.39 kg.m-3

629.798
629.958
630.448
630.778
630.938
631.588
631.918
632.078
632.238
632.568
632.728
632.898
639.227
639.387
639.707
640.027
640.197
640.357
640.517
641.327
650.846
651.166

10.794a

10.844a

10.815a

10.990a

10.999a

11.053a

10.576a

11.631a

3.701
3.676
3.659
3.638
3.521
3.517
3.563
3.576
3.509
3.483
3.471
3.454
3.266
3.257
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Table I. (Continued)

T
( K )

651.326
651.486
651.645
661.884
662.044
662.834
663.004
663.473
676.781
677.251
677.571
678.820
678.980
679.290
702.804
703.264
703.884
704.194
704.344
704.494
704.954
736.084
736.344
736.604
736.864
737.114
737.374

Cv
(k J . kg - 1 .K - 1 )

3.303
3.257
3.232
3.161
3.165
3.132
3.128
3.098
2.922
2.906
2.910
2.881
2.855
2.872
2.638
2.642
2.671
2.650
2.646
2.600
2.600
2.441
2.441
2.407
2.386
2.391
2.366

p = 107.11 k g . m - 3

610.730
610.890
611.220
611.390
612.220
612.540
612.710
613.365
613.380
613.530
614.190
614.360
615.180
615.350

13.875a

13.875a

13.846a

13.862a

13.909a

13.950a

14.017a

3.337
3.308
3.303
3.324
3.274
3.266
3.257

T
( K )

616.469
616.669
617.029
617.329
617.489
628.978
629.148
629.468
630.128
630.448
630.618
641.807
641.977
642.297
642.457
642.627
653.085
653.245
653.565
653.725
654.205
678.350
678.510
678.660
678.820
679.600
696.776
696.936
697.866
698.016
699.105
699.415
699.565
719.869
720.129
720.379
720.639
720.899
721.159
743.272
743.521
743.781
744.041

Cv
( k J . k g - 1 . K - 1 )

3.262
3.257
3.278
3.262
3.262
3.031
3.048
3.098
3.065
3.031
3.031
2.910
2.906
2.939
2.939
2.876
2.776
2.738
2.734
2.717
2.734
2.516
2.495
2.487
2.458
2.516
2.370
2.399
2.374
2.353
2.336
2.361
2.353
2.186
2.202
2.186
2.244
2.227
2.223
2.152
2.114
2.144
2.093

T
( K )

744.291

Cv

( k J . k g - 1 . K - 1 )

2.102

p = 74.11 k g . m - 3

590.131
590.301
590.461
590.791
591.301
591.631
592.210
592.221
592.231
592.801
592.971
593.131
601.790
601.950
602.290
602.450
602.780
609.080
609.190
609.740
609.910
610.230
632.728
632.898
633.218
633.548
633.868
634.198
659.964
660.764
660.924
661.084
661.404
661.564
697.866
698.016
698.176
698.326
740.283
740.542

16.634a

16.203a

16.262a

16.333a

16.421a

16.550a

3.014
3.010
2.994
2.998
2.973
2.948
2.906
2.889
2.918
2.881
2.864
2.805
2.755
2.759
2.763
2.742
2.533
2.546
2.512
2.479
2.504
2.483
2.303
2.286
2.319
2.294
2.303
2.257
2.081
2.102
2.052
2.039
1.951
1.951
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Table I. (Continued)

T
(K)

740.802
741.062
741.322
741.482

Cv
(kJ.kg-1.K-1)

1.934
1.926
1.888
1.913

p = 52.47 kg.m-3

570.061
570.571
570.741
570.911
571.081
571.421
571.761
572.101
572.675
572.681
573.451
573.801
574.981

17.995a

18.016a

17.991a

18.083a

18.070a

18.120a

18.112a

18.326a

2.755
2.747
2.713
2.696
2.692

T
(K)

575.151
576.671
576.841
577.181
586.271
586.431
586.771
587.111
587.441
587.611
606.270
606.440
606.600
606.930
607.260
630.118
630.288
630.448
630.618

Cv
(kJ.kg-1.K-1)

2.675
2.700
2.688
2.684
2.562
2.554
2.579
2.575
2.529
2.520
2.374
2.361
2.319
2.353
2.315
2.165
2.119
2.131
2.102

T
(K)

630.778
631.108
631.258
671.892
672.042
672.202
672.362
672.522
701.265
701.565
701.875
702.194
702.954
703.114
740.452
741.482
742.502
743.521
744.547

Cv
(kJ.kg-1.K-1)

2.156
2.098
2.156
1.951
.959
.934
.913
.926
.855
.867
.851
.821
.813
.825
.750
.775
.750
.712
.775

a Two-phase experimental points.

where L is the thermal conductivity of cuprous oxide (L ~ 2.09
W . m - 1 . K - 1 ) , S is the surface area of the cuprous oxide layer, d is the
thickness of the cuprous oxide layer, and AT = 10 - 4 K. The average time
of one measurement was T = 300 s and the heat losses AQ for this time were
± 0.2 J, or 0.02 % of the total heat supplied to the system. These parasitic
energy losses were caused by operating problems of the temperature con-
troller. It is straightforward to estimate heat losses through the areas of the
calorimeter that are not controlled by the thermoelement (e.g., the well for
the internal heater or the resistance thermometer). These losses did not
exceed 4x 10 -4 J. Similar calculations of heat losses through the capillary
used to fill the calorimeter with the sample yielded 3 x 10 - 3 J. Heat losses
through the inlet and outlet wires of the internal heater were 0.066 J, and
those through the wires of the temperature sensor, 0.0016 J. The heat flow
through all uncontrolled areas was 0.27 J, or 0.06 % of the total amount of
heat supplied to the system.
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Table II. Experimental Values of the Isochoric Heat Capacities of Heavy
Water along the Saturation Boundary (Ts = Ts, exp-0.45 K)

Ps
(kg.m-3)

52.4650
74.1120
107.112
170.387
219.298
261.097
303.030
338.409
344.828

Ps
(kg.m-3)

370.370
400.000
492.610
667.557
783.699
833.333
882.613
925.925
957.854
1008.07
1017.29
1063.83
1095.29
1104.97

Ts
(K)

572.675
592.205
613.365
632.200
639.580
643.150
643.650
643.720
643.840

Ts
(K)

643.831
643.725
640.885
612.090
572.820
550.500
522.815
497.850
472.625
431.685
422.355
371.100
322.805
294.805

C"v1
(kJ.kg-1.K-1)

2.755
3.015
3.337
3.773
4.274
5.252
6.513
7.845
8.131

C'v1
(kJ.kg-1.K-1)

8.697
6.398
3.853
3.032
2.903
2.976
3.065
3.198
3.266
3.444
3.492
3.756
4.032
4.185

C"v2

(kJ.kg-1.K-1)

18.326
16.551
14.018
13.458
13.569
14.105
15.059
18.966
19.436

C"V2

(kJ.kg-1.K.-1)

16.058
13.175
7.508
5.845
4.958
4.661
4.589
4.351
4.376
4.226
4.220
4.216
4.213
4.262

The substance density also changed because of the temperature- and
pressure-related changes of the calorimeter volume during heat capacity
measurements. This means that the measurements were actually performed
along quasi-isochores. In addition to these, other types of uncertainties
must be considered which are associated with the uncertainties of determin-
ing the specific volume and temperature. The uncertainty of the experimen-
tally determined Cv related to the uncertainty of the specific volume A V
and temperature A T was calculated from the relation
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where A V and A T are the absolute uncertainties of the specific volume V
and temperature T. The propagation of uncertainties related to the uncer-
tainty of the specific volume for the liquid phase, where (dCv/dT)v is
small, yielded 0.04%. Near the critical point, where (dCv/dT)v is large, the
propagation of uncertainties yielded 0.06%. The uncertainties related to
temperature were more substantial and reached 0.05 % in the liquid phase
and 0.25 % near the critical point. Thus, the combined standard uncertainty
related to the indirect measurement uncertainties did not exceed 0.5 %.

Based on the detailed analysis of all sources of uncertainties likely to
affect the determination of Cv with the present system, the combined
standard uncertainty of measuring the heat capacity with allowance for the
propagation of uncertainty related to the nonisochoric conditions of the
process was 1.5% in the liquid phase, 3% in the vapor phase, and 4.5%
near the critical point, where a normal distribution of errors is assumed
and a coverage factor of 2 has been applied (equivalent to a confidence
level of 95%).

Fig. 2. One- and two-phase isochoric heat capacities of light and heavy water as a function
of temperature at near-critical isochores. (O) D2O (this work); (C) H2O [7, 16-18, 22];
solid lines represent values of Cv calculated from the CR EOS.
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The measurements were performed in both the forward direction
(heating) and the reverse direction (cooling). The measured isochoric heat
capacities were indeed independent of the direction. Differences of the
experimental results were not more than ±0.3%. The heavy water was
99.8% (by mass) pure, where the impurity was 0.2% (by mass) normal
water.

This method, with some modifications in the calorimeter construction,
has been used to measure the isochoric heat capacity of light water [7,
16-18], water + salt solutions [9, 18, 19], hydrocarbons [11, 20], alcohol
[8], and carbon dioxide [10].

3. RESULTS AND DISCUSSION

Measurements of the isochoric heat capacity for heavy water (D2O)
were performed along 23 isochores: 52, 74, 107, 170, 219, 261, 303, 338,
345, 370, 400, 493, 668, 784, 833, 883, 926, 958, 1008, 1017, 1064, 1095, and
1105 kg . m - 3 . Each isochore consisted of 18 to 58 points. The temperature
range was 294 to 746 K. In total, 786 Cv measurements were made, 153 in

Fig. 3. Experimental values of Cv for heavy water as a function of density at supercritical
isotherms. The solid lines represent calculated values of Cv at supercritical isotherms, and the
dashed line represents the isothermal maximum loci of Cv calculated from the CR EOS.
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the two-phase region and 633 in the one-phase region. Forty-six values of
Cv were measured on the coexistence curve. The experimental values are
given in Tables I and II. For each liquid and vapor isochore, the Cv

measurements were made in the single- and two-phase regions, including
liquid, vapor, subcritical, and supercritical states.

All experimental data for D2O away from the critical point were
compared with the Hill et al. [3] EOS and near the critical point

Fig. 4. Liquid (one-phase C'V1) and vapor (one-phase C''vl) isochoric heat
capacities of light and heavy water as a function of temperature on the
coexistence curve near the critical points. (O) D2O (this work); (O) H2O
[7, 16-18, 22]; solid lines represent values of Cv calculated from the CR
EOS.
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with the crossover equation of state (CR EOS) [5], Figure 2 shows the
experimental behavior of Cv as a function of temperature for D2O and
H2O [7, 16-18, 22] at various near-critical isochores. The crossover equa-
tion of state of Kiselev and Friend [ 23 ] was used to calculate the proper-
ties of H2O. The density dependence of Cv for heavy water along super-
critical isotherms (T = 652.94, 650.37, 647.31, and 644.25 K) is shown in
Fig. 3. The values of liquid and vapor one-phase (C'v1, C''V1) and two-phase
(C'v2> C"V2) isochoric heat capacities on the coexistence curve for heavy

Fig. 5. Liquid (two-phase C'V2) and vapor (two-phase C"V2) isochoric
heat capacities of light and heavy water as a function of temperature on
the coexistence curve near the critical points. (O) D2O (this work); (O)
H2O [7, 16-18, 22]; solid lines represent values of Cv calculated from
the CR EOS.
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water are shown in Figs. 4 and 5 together with light water results. Figure
6 shows experimental results for the isochoric heat capacity jumps of D2 O
and H2O for the liquid (AC'V) and vapor (TC"v) isochores. The experimen-
tal results of temperatures and densities along the coexistence curve which
were determined from Cv experiments for heavy and light water are pre-
sented in Table II and Fig. 7. The experimental values of the two-phase
heat capacity Cv as a function of the volume along the coexistence curve
are presented in Fig. 8.

Fig. 6. Liquid (TC' V ) and vapor (TC"v) isochoric heat capacity jumps for
light and heavy water as a function of temperature near the critical points.
(O) D2O (this work); (O) H2O [7, 16-18, 22]; solid lines represent
values of Cv calculated from the CR EOS.
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The results of comparisons with the Hill EOS are presented in Figs. 9
and 10 for several liquid and vapor isochores. Deviation plots for all
isochores except those at 303, 338, 370, and 400 kg • m-3 are given in Fig. 11.
Several near-critical points (T<650 K) for the 345 k g - m - 3 isochore were
also removed. The Hill EOS represents the data shown in Fig. 11 with an
average absolute deviation of 3.1 % and a bias of —2.3%. Several isochores
show systematic deviations up to 12%. The one-phase Cv data for the liquid
isochores 1017, 1064, 1095, and 1105 k g . m - 3 are generally represented by
the Hill EOS within 1.8%, which is slightly higher than the experimental
uncertainty. Most of the data for the liquid isochores show that experimental
values of Cv are systematically lower than the calculated values as the tem-
perature increases away from the saturation temperature. Nevertheless, the
deviations are still close to their experimental uncertainties. These trends
tend to increase for the isochores from 833 to 958 k g . m - 3 , up to a maxi-
mum of -9.2%.

The agreement between experimental data and the Hill EOS in the
vapor phase is generally about the same as in the liquid phase. For the

Fig. 7. Curves of coexisting liquid and vapor densities for light and heavy water from
Cv experiments near the critical points. (O) D2O (this work); (O) H2O [7, 16-18,
22]; solid lines represent values of Cv calculated from the CR EOS.



1522 Mursalov el al.

Fig. 8. Two-phase isochoric heat capacities of heavy water as a function of
specific volume at the coexistence line. (•) experimental values of Cv along the
coexistence line; solid lines represent values of Cv calculated from the CR EOS.

vapor isochores at 170 and 219 k g . m - 3 , the deviations are on average
about 2.8 %, which are within the experimental uncertainty. Generally, for
these isochores, the experimental Cv values are less than the calculated
values. For the vapor isochore at 261 kg .m - 3 , deviations are again
negative at the higher temperatures; however, near saturation, the devia-
tions approach 10% due to the influence of critical phenomena. For the
lowest density isochores, the uncertainty increases as the amount of mass
in the apparatus becomes small. Due to this, deviations may exceed — 10 %
at the lowest density and highest temperatures.

The experimental Cv data include eight near-critical isochores: 219,
261, 303, 338, 345, 370, 400, and 493 k g . m - 3 . Comparisons of the
isochoric heat capacity measurements near the critical point with the CR
EOS are given in Fig. 2. Good agreement between experimental and
calculated values of Cv in the two-phase region is observed for most of the
isochores. Deviations are on average about 2%, which is considerably
lower than their uncertainty. For all near-critical isochores at temperatures
near the phase transition temperatures [from Ts(p) to Ts(p) + 2 K], the
experimental values of Cv are represented by the CR EOS within 15%.
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Fig. 9. Comparison of experimental isochoric heat capacity values of heavy water with
values calculated from the KS EOS for vapor isochores far from the critical point.

Fig. 10. Comparison of the experimental isochoric heat capacity values of heavy water with
values calculated from the Hill EOS for liquid isochores far from the critical point.
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Fig. 11. Percentage deviations of experimental isochoric heat capacity data
for heavy water from values calculated with the Hill EOS for liquid and vapor
isochores.

Good agreement (within 2 %) is observed for the isochores at 303 and 344
kg . m-3 in the temperature range from Ts(p) to 740 K. Only 5 points out
of 90 show deviations of about 10%.

The CR EOS was developed using experimental PVT, vapor pressure,
and Cv data. The crossover model showed that the value of Tc (643.847 K,
ITS-90) reported by Blank et al. [24] and recommended by Levelt Sengers
(IAPWS formulation) [25 ] was in very good agreement with other measure-
ments. However, the value of Tc (644.34 K) obtained by Mursalov from his
Cv measurements was 0.493 K higher than the recommended value. Addi-
tionally, the saturation temperatures for near critical isochores determined
from Cv measurements showed that the experimental values were on average
0.45 K too high when compared with the crossover model (see Fig. 7). The
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Fig. 12. Locus of supercritical isothermal maxima of Cv on the tempera-
ture-density and pressure-temperature planes for light and heavy water near
the critical points. (O) critical point of D2O; (O) critical point of H2O;
dashed line represents the loci of isothermal maxima of Cv calculated from
the CR EOS; (D) D2O (this work); (D) H2O [7]; (A) H2O [16];
( A ) H 2 O [ 2 2 ] .

most probable cause of this systematic error is due to an impurity left over
from the preparation of the calorimeter before the measurements began.
Therefore, the original values for the experimental temperatures were
adjusted down by 0.45 K. Because this shift cannot be justified by artifacts
in the experimental measurements, it is arbitrary and subject to change.
The major justification is that it brings the data into agreement with
calculations from an accurate crossover model for which the Tc is assumed
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Fig. 13. Loci of isothermal-maxima (line CD) and minima (line AB) of Cv

on the temperature-density and pressure-temperature planes for heavy
water predicted by the Hill EOS (.....)[4] and the CR EOS (-----) [23],
(C) isothermal maxima of Cv from experiment.

to be reliable. New measurements are required to establish the validity of
this shift and the data in the critical region should be used with caution
until new measurements are carried out and comparisons are made with
this study. The adjusted numbers are reported in Tables I and II.

Because the isochoric heat capacity and density near the critical point
change rapidly (dCv/dT and dps/dT are large) with temperature, even
small deviations in temperature result in large deviations in Cv and ps.
The adjustments due to the temperature shift are negligible at densities and
temperatures far from the critical point where values of the derivatives



dCv/dT and dps/dT are small. After temperature adjustments were applied,
deviations between experimental values of Cv and the CR EOS decreased
by up to 5 to 6%, which is close to the experimental uncertainties. The
original experimental saturation densities extracted from Cv experiments
after applying the temperature adjustment are in good agreement with the
CR EOS.

The temperature dependence of deviations of experimental data near
the critical point is given in Fig. 12. Figure 13 shows comparisons of the
isothermal maximum loci of the isochoric heat capacity in the supercritical
region with values predicted from the CR EOS. Figure 13 also shows com-
parisons of the loci of isothermal maxima and minima of Cv for heavy
water predicted from the Hill EOS and the CR EOS in the T-p and P-T
planes. The Hill EOS does not predict isochoric minima of Cv which have
been experimentally observed.

4. CONCLUSIONS

The results of the isochoric heat capacity measurements of heavy
water in the temperature range from 294 to 746 K and at densities between
52 and 1105 k g . m - 3 are reported. These measurements include the sub-
critical and supercritical regions. The measurements are described by the
crossover equation of state, which is valid in the extended critical region
(0.8 < T/TC< 1.5 and 0.35 <p/p c < 1.65). The results of the isochoric heat
capacity measurements are in good agreement with the crossover model.
All original experimental data were lowered by 0.45 K and the data in the
critical region should be used with caution until additional experimental
data validate this arbitrary adjustment.
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