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Annotation

Experimental methods of determining thermodynamic properties of pure substances and
binary mixtures in wide parameters' ranges including near-critical regions are considered.
A brief survey of apparatus designed in various laboratories of the former USSR is given;
the main units of the apparatuses, their characteristic features, and the experimental proce-
dures are described. Primary experimental data obtained using these apparatuses are given;
the main uncertainties are estimated.

Equations of state are analyzed to show which of them are best to describe the thermo-
dynamic behavior of real gases and liquids and their binary mixtures. Special attention is
paid to problems of the critical state and to the verification (using experimental data avail-
able) of the results of the modern theory of critical and crossover phenomena in pure sub-
stances and binary mixtures. New equations of state are obtained based on the theoretically
substantiated model of hard chains (SPHCT) for some mixtures of water and hydrocarbons
under supercritical conditions. The computation results are compared, where possible,
with experimental data.

This book is addressed to specialists, both theorists and experimentalists, working in
the fields of molecular physics, chemical technology, and power engineering, as well as for
researchers, lecturers, postgraduates, and students of the appropriate specialities in techni-
cal colleges and universities.

The book contains 114 tables, 110 figures, and 517 references.



Preface

Because of the rapid development of various branches of engineering, an ever growing
interest in obtaining information on the thermodynamic properties of numerous pure sub-
stances and mixtures with which researchers and practical engineers deal when solving
various scientific and application problems has been observed in the last years. No one of
the science or engineering projects can be implemented without data on the properties of
materials involved in particular processes. Modern physics only rarely makes it possible to
calculate substances' properties. Therefore, it is experiment that is the principal source of
information for the great majority of properties of most common substances and materials.

For many years, a vast amount of experimental data on the thermodynamic properties
of gases, liquids, and their mixtures has been obtained in various research laboratories over
the world. In this sea of data, the results of the authors of this country hold a firm place.
Unfortunately, they are frequently represented in foreign editions insufficiently, because
significant part of these data has been published in sources that are difficult to reach for
foreign readers.

This book corrects the situation to a certain degree. The book considers various meth-
ods of experimental study of thermal and caloric properties of pure substances and binary
mixtures in wide ranges of the variation of independent variables, including the near-criti-
cal region. Primary experimental (p, V, T), (C,, V, T), and (p,, T,) results for pure sub-
stances and (p, V, T, x), (C,, V, T, x), and (p,, T, x) results for binary systems obtained in a
number of laboratories of the former USSR are presented and evaluated.

1t is well known that to develop new methods and improve the existing techniques of
theoretical computation of determining thermodynamic properties of substances, reliable
experimental data are required; it is due to the existence of such data that practical methods
of the use of equations of state have been developed extensively in the last two decades.
Here, the formal theory that relates the macroscopic nature of the virial coefficients and the
microscopic nature of molecular forces is most relevant. The equations of state considered
in this book are, on the one hand, a kind of instrument for obtaining information on the
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intermolecular forces and, on the other hand, are a basis for calculating thermodynamic
properties of pure substances and binary mixtures.

With approaching to the critical point, the classical equations of state lack their effi-
ciency, because they cannot ensure universality in describing the behavior of substances in
the critical region. In this region, the details of interparticle interaction become insignifi-
cant and the behavior of the system is determined by anomalous fluctuations that involve a
large number of molecules. The behavior of fluctuations has for years been described phe-
nomenologically in terms of the modern theory of critical and crossover phenomena for
pure substances and binary mixtures. These problems are dealt with in numerous publica-
tions; so, we here only give a brief analysis of the last achievements in this field. The prob-
lems of crossover description of the behavior of thermodynamic functions of binary sys-
tems near the critical line are considered in more detail.

We hope that the results represented in this book will be useful to a wide circle of
researchers and practionists working in various fields of science and technology.

In conclusion, we note that we were possible to perform the work, including the
experimental investigations of the last several years, due to a financial support of the Rus-
sian Foundation for Basic Research (projects no. 93-05-8627 and no. 96-02-16005).

Moscow—-Makhachkala
1. Abdulagatov

V. Rabinovich

V. Dvoryanchikov
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Methods of Studying (p, V, T, x) Properties of Fluids
and Fluid Mixtures: Experimental Results

In this chapter, we describe in detail modern techniques used for the experimental investi-
gation of (p, V, T, x) properties of pure substances and their mixtures. We give the main
results obtained in research laboratories of the former USSR.

All existing methods for measuring (p, V, T, x) properties of liquids and gases can
arbitrarily be separated into three main groups: (1) the methods of hydrostatic weighing;
(2) the methods of constant-volume piezometer; and (3) the methods of variable-volume
piezometer.

1.1 Method of Hydrostatic Weighing

The method of hydrostatic weighing is based on the Archimedean principle. The density of
a fluid under study is determined by the difference in the weights of a load of known vol-
ume located in the liquid to be studied and in a liquid of known density. The method is,
usually, applied at low pressures and temperatures, with air or distilled water used as the
standard substances. However, in some cases this method is used for liquids at high pres-
sures and gases at high pressures and temperatures [1]. In apparatuses of this type, a
high-sensitive balance is placed into a high-pressure vessel. A load made of sapphire is
suspended in the hot zone using a thin wire. The balance is calibrated under the conditions
at which the experiment should be performed; the specific volume of the gas to be studied
is determined by the loss of the load's weight in comparison with that in a standard sub-
stance. The advantages of this method are the absence of a dead volume and no need in
determining the volume of the piezometer and its thermal and pressure-induced expansion.

1



2 THERMODYNAMIC PROPERTIES OF FLUIDS AND FLUID MIXTURES

The most suitable and most widely used version of the apparatus for hydrostatic
weighing was developed by Golubev [2-4]. Setups of this type were used by many
researchers in Russia and in the former USSR for measuring (p, V, T) properties of various
substances in wide ranges of pressures and temperatures [5]. The apparatus consists of a
thermostatically controlled high-pressure vessel with a narrow tube in which a ferromag-
netic rod connected by a thin wire with a quartz float is mounted. The ferromagnetic rod
and the solenoid connected with the pan of an analytical balance form a magnetic suspen-
sion. The solenoid is fed from an electronic circuit that is controlled by the signal from a
high-frequency coil-a sensor that traces the position of the ferromagnetic rod. Thus, the
system of a float and a ferromagnetic rod located in the vessel is rigidly connected with the
balance pan. The density of the sample is determined from the formula

— G- (GZ _ Gl)— pr(Vr + OSVW)
P= "V, % av, +av, + 05V,

where G is the weight of the "float + rod + wire" system in a vacuum; G, is the weight of the
solenoid; G, is the weight of the solenoid plus the weight of the "float + rod + wire" system;
P, is the density of the substance under study in the zone of the rod; V, is the volume of the
rod; V,, is the volume of the wire; V, is the volume of the float under the conditions main-
tained during the calibration procedure; and AV} and AV are the volume changes due to
temperature and pressure effects under the experimental conditions, respectively.

The maximum relative error of the density measurements by this method is +0.1%.
According to [2, 5], the reproducibility and scatter of experimental data do not exceed
+0.01% and £0.05%, respectively.

In the literature, there are many versions of the apparatus for hydrostatic weighing,
which mainly differ in the construction of the weighing device [6—12]. Dix and Fareleira
[13] developed a new version of the hydrostatic-weighing technique, in which resonance
vibrations of a string carrying a float are used to determine density. Handel et al. [14]
describe a "two-sinker" method, in which two loads of the same masses but sharply differ-
ing in volumes are used in order to eliminate the influence of other elements on the results
of weighing the float.

In the setups described in {2, 5-13], the float system is affected by changes in the
temperature and pressure, but corrections can be made, which improve the results to a cer-
tain degree. Handel et al. [14] were able, at the expense of some complications made in the
apparatus, to compensate the effects of the experimental conditions.

Golubev et al. [15~18], using a modernized apparatus that differed from the previous
versions [2-4] by an improved construction of the weighing device and an updated elec-
tronic servosystem, measured (p, V, T) properties of the n-propyl, n-butyl, and amyl alco-
hols and their isomers. The measurements were performed at temperatures of 290 to 620 K
and pressures of up to 49.14 MPa. Pressure was created and measured with dead-weight
piston manometers (of MP-600 and MP-60 types) with an accuracy of £0.05%. Tempera-
ture was measured with a platinum resistance thermometer and an R363-2 potentiometer
to an accuracy of £0.002 K. During the experiments, the temperature was maintained con-
stant using a VRT-2 high-precision temperature controller. The device is shown schemati-
cally in Fig. 1.
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Figure 1 Apparatus for determining densities of liquids and gases at high
pressures (schematic) [2, 4]: (1) gas inlet; (2) lock-nut; (3) copper jacket;
(4) float's chamber; (5) quartz hollow float; (6) well for thermocouple; (7)
well for resistance thermometer; (8) suspension filament; (9) bored 6.5 mm;
(10) thick-walled high-pressure tube; (11) head of the device; (12) teflon
sealing; (13) pressing bushing; (14) teflon liner; (15) screwed cover; (16)
pickup coil; (17) core (Armco iron); (18) cap; (19) pressing nut; (20) eyelet
for suspension filament; and (21) pin.

During the measurements, the effect of the current-direction reversal in the power coil
on the measurement results was taken into account. The values of these corrections were
not more than £1 kg-m3. With allowance for various corrections inherent in this method
and for the scatter of the experimental points upon repeated measurements, the total accu-
racy was about £0.1%. At high temperatures and pressures, at which sharp changes in den-
sity occur (critical region), the errors of measurements reach £0.2%.

Table 1 shows experimental (p, p, T) data for the n-propyl and isopropyl alcohols [15].

The most elaborate version of the method of hydrostatic weighing is represented by
the apparatus developed in [14, 19-23]. The apparatus and the measurement technique
developed in these works were used for measuring (p, V, T) properties of methane, CO,,
argon, and SF, in wide ranges of temperatures and pressures, including the critical region.
The accuracy that was achieved by the authors of these papers is 1.5-10 to 2-10* for
densities and 1-10™4 to 2-10~4 for pressures.

Another version of the setup for hydrostatic weighing was suggested in {12]. The
apparatus is displayed schematically in Fig. 2. The main element of the setup is piezometer
11 in which spherical quartz floats are located. The piezometer as a unit is placed into
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Table 1 Experimental (p, p, T) data of n-propanol and isopropanol [15]

n-Propanol
T.K p,MPa | p, kgm3 T,K p, MPa | p, kgm™3 T,K p,MPa | p, kg:m3
531.08 5.010 4236 543.48 7.461 4343 585.65 5500  55.00
531.10 5.108 4288 543.45 9913 4776 585.72 5990  59.90
531.17 5.304 4377 543.39 1482 5220 585.72 6.480  64.80
531.20 5.500 4444 543.33 1972 5478 585.71 7.461 74.61
531.25 5990 458.1 543.29 29.53 5829 585.73 8.442 8442
531.33 7461 4849 543.33 39.33 608.0 585.78 8.932 89.32
531.36 9913 5117 543.33 49.14 6274 585.85 9.913 99.13
531.40 14.82 544.9 542.94 5990 354.1 585.87 11.38 113.8
531.42 19.72 567.3 542.90 5304 155.8 585.87 12.36 123.6
531.44 24.62 584.2 542.58 5.010 1343 585.94 14.82 148.2
531.46 29.53 598.6 558.25 5304 1164 585.94 19.72 197.2
531.47 39.33 621.3 558.17 5.550 1249 585.94 24.62 2462
531.49 49.14 639.0 558.17 5990 1544 586.00 29.53 295.3
531.33 7.461 484.5 558.17 6.480 1985 586.06 39.33 3933
531.32 5500 4438 558.39 6.971 264.1 586.06 49.14 4914
531.33 5010 4210 558.47 6.461 3223 585.60 5990  59.90
531.37 4912 4140 558.52 7.953 342.1 619.57 5500  55.00
531.39 4814 4039 558.61 8.932  400.6 619.69 6.480 64.80
542.95 5304 1563 558.68 9913 4262 619.74 7.461 74.61
543.12 5402 1682 558.75 1236  464.2 619.80 9913 99.13
543.28 5500 1847 558.84 14.82 4893 619.84 12.36 123.6
543.38 5696 241.0 558.95 1972 5218 620.00 14.82 148.2
543.44 5.794 286.1 559.01 24.62 5449 620.40 17.27 172.7
543.28 5.843 3131 559.03 29.53 563.1 620.35 19.72 197.2
543.25 5.892 329.1 559.08 39.33 590.8 620.41 24.62 246.2
543.33 5990 3493 559.13 49.14 4914 620.46 29.53 295.3
543.36 6.480 396.1 558.99 9913 9913 620.46 39.33 3933
543.42 6971 4174 558.95 7.461 74.61 620.52 49.14 4914

Table 1 Experimental (p, p, T) data of n-propanol and isopropanol [15] (Continued)

Isopropanol
T K p,MPa | p, kg:m3 T.K p,MPa | p, kg:m3 T,K p,MPa | p, kg:m3
504.12 5.010 4306 527.07 7461 379.5 555.32 49.14 586.0
504.15 5990 4593 527.01 8442 4143 572.39 5.010 85.6
504.17 7.461 48338 526.90 9913 4449 572.52 5990 111.0
504.28 9913 506.1 526.93 14.82 497.7 572.64 7461  159.2
504.30 14.82 542.3 527.04 19.72 5279 572.72 8442 1983
504.28 19.72 564.6 537.81 4.715 97.8 572.64 9913 2620
504.29 24.62 581.8 538.60 5.500 129.5 572.61 10.89 300.0
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Table 1 Experimental (p, p, T) data of n-propanol and isopropanol [15] (Continued)

Isopropanol
T,K p.MPa |p,kgm3| TK p,MPa | p, kg:m T,K p,MPa | p, kgm3

504.28 29.53 596.0 538.90 6.480 192.7 572.69 12.36 3429
504.30 39.33 619.0 538.90 7.461 2863 572.80 14.82 391.2
504.25 49.14 636.8 539.01 8.442 3498 572.88 17.27 4233
512.60 4715 1463 539.01 9913 400.2 572.90 19.72 447.0
512.76 4764 1503 539.01 12.36 4443 572.88 24.62 481.2
513.01 5.010 197.8 539.01 14.82 471.6 572.99 29.53 506.4
513.15 5.206 309.1 539.18 19.72 507.1 572.94 39.33 542.7
513.26 5.108 2346 539.23 24.62 531.7 572.66 49.14 569.0
513.52 5.304 3316 539.18 29.53 550.7 593.05 5.010 71.8
513.55 5500 367.6 539.18 39.33 580.0 593.38 5.990 98.3
513.55 5990 4043 539.13 49.14 601.9 595.38 7.461 1345
513.63 7.461 4492 554.76 5.010 94.9 593.44 8442 1619
513.74 9913 485.1 554.73 5.500 109.9 595.60 9913 208.0
513.80 14.82 5243 554.73 6.480 148.2 593.66 10.89 238.9
513.86 19.72 549.4 554.95 7461 1993 593.60 12.36 2823
513.92 24.62 568.4 555.15 8.442 258.6 593.60 14.82 338.8
513.95 29.53 583.6 555.27 9913 3314 593.77 17.27 378.4
513.95 39.33 608.1 555.32 10.89 364.5 593.79 19.72 407.5
513.90 49.14 627.2 555.49 12.36 394.9 593.87 24.62 448.9
526.50 4715 1107 555.50 14.82 435.0 595.77 29.53 478.3
526.00 5.010 1268 555.50 19.72 479.8 593.84 39.33 518.9
526.32 5.500 1638 555.15 24.62 508.4 593.87 49.14 548.0
526.54 5990 22438 555.15 29.53 5299

526.88 6.480 302.1 555.25 39.33 562.0

thermostat 12 with a liquid heat-transmitting medium (petroleum ether, ethyl alcohol, or
silicone oils); the thermostat makes it possible to perform measurements in a temperature
range of 100 to 300°C.

The temperature in the experiments is measured using a standard potentiometric cir-
cuit with a PTS-10 platinum resistance thermometer 10 in combination with an R384
potentiometer to an accuracy of £0.01 K. The pressure is measured with dead-weight pis-
ton manometers of types MP-600 (accuracy class 0.05) and MP-60 (accuracy class 0.02).
To separate the substance to be studied from the oil system of the piston manometer, a
membrane separator 7 is used, whose sensitivity was estimated to be £0.001 MPa. To fill
the manometers with the liquid to be studied and to create a pressure, two thermocompres-
sors 4 are used in the system. Filter 2 serves to absorb water vapors and eliminate possible
mechanical impurities. To provide enhanced temperatures, a nichrome heater located
inside the thermostat is used. To ensure uniform distribution of the desired temperature
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Figure 3 High-pressure piezometer (schematic)
{12]. (1) stands; (2) fitting pipe with a pres-
sure-tight electric lead; (3) head; (4) case of the
measuring cell; (5) high-pressure chamber of the
piezometer; (6) quartz float; (7) additional load;
(8) stands of the stack; and (9) induction coil.

throughout the thermostat, a mechanical stirrer 8 is employed. To monitor temperature, a
thyratron temperature controller was used.

Figure 3 shows the construction of a high-pressure piezometer. The high-pressure
chamber (5) of the piezometer was made of steel Kh18N9T. Inside the chamber, measuring
cells (inductance transducers) are located. The construction contains five measuring cells 4
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consisting of inductance coils 9 and quartz floats 6 carrying additional loads (sinkers) 7
that serve as metallic cores. The loads are made of covar (an alloy with a small thermal
expansion coefficient); the coil casings and the stands of the stack are made of radio
ceramics. The quartz floats (2621 mm in diameter, with walls of at least 0.5 mm in thick-
ness) can move in the cell within 4 mm from the upper to the lower point contacts. The
upper fitting pipe 2 is connected with a pressure-tight electric lead-in. The piezometer unit
is suspended on a load-carrying plate made of textolite (a fabric-based laminate) and
mounted on a special rack.

In order to decrease heat transfer and maintain a stable temperature field in the zone of
the piezometer, the stands 1 are insulated from the piezometer by textolite washers. A spe-
cial measuring device is used to detect the state of indifferent equilibrium of the quartz
floats (having a standard density). The detection is performed by the inductive method
which is based on the property of induction coils to change their inductance when a metal-
lic object is introduced into the field of a coil. The change is due to eddy currents induced
in the conductor by the primary field of the coil. These currents create a magnetic flux
opposing the primary field of the coil and weaken it. The inductance coil is connected in
the circuit of an LC generator; changes in the inductance of the coil change the frequency
of the generator. Displacements of the metallic load attached to a quartz float change the
inductance of the coil and, correspondingly, the generation frequency; the frequency
changes are detected by a digital frequency meter.

The accuracy of density measurements of a liquid to be studied is completely deter-
mined by changes in the density of the quartz floats under the effect of pressure and tem-
perature. The density of the quartz floats was preliminarily calibrated using distilled water
as the working liquid; the water density was determined at a given temperature from the
international skeleton tables. The density of a float was determined from the formula

gy -m
pf__——vs_vl

where m_ is the mass of the "float + load" system; V/ is the volume of this system; m, and
V, are the mass and the volume of the load attached to the quartz float in order to increase
the accuracy when weighing samples in distilled water. The accuracy of determining the
density of the floats was £0.01%.

To take into account possible changes in the temperature and pressure during mea-
surements, corrections allowing for the effect of these parameters on the equivalent density
of the floats must be introduced. Calculations show that the volume of a quartz float
changes by 0.005% as the temperature changes from —100°C to 300°C. Application of cor-
rections for changes in the equivalent density of floats depending on pressure is a more
difficult problem. Calculations show that, depending on the diameter of the float and the
thickness of their walls, this correction may reach ~2% at the highest pressure of 60 MPa
used in the experiments. In order to more accurately determine corrections for the change
of the equivalent density of floats depending on pressure, special calibration runs were
carried out using distilled water. This correction was found to be a linear function of pres-
sure for all of the ten floats studied.

Prior to measurements, the inner volumes of the piezometer and thermocompressors,
as well as the connecting pipes, are evacuated to a residual pressure of 10-2 Torr and
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flushed with the substance to be studied. Then, the liquid to be investigated is supplied
from cylinder 3 (Fig. 2) with the help of thermocompressors 4 into the internal space of
piezometer 11 and a desired pressure is established. Thermostat 12 specifies a desired tem-
perature, which is maintained with an electronic temperature controller to an accuracy of
10.005 K. In order to control the temperature gradient along the piezometer, a copper-con-
stantan differential thermocouple is used. The run starts when the differential thermocou-
ple shows that the temperature difference is less than 0.005 K. With the help of thermo-
compressor 4 (see Fig. 2), the pressure of the liquid is increased via valve 1 until the lower
float, which has the smallest equivalent density, begins floating up. The position corre-
sponding to the state of indifferent equilibrium of this float is achieved at the expense of a
minimum change of pressure with the help of valves 1 (Fig. 2). The state of the indifferent
equilibrium of the float is kept for 10-15 min, after which the pressure in the piezometer is
increased until the next float (with a greater density) begins floating up, etc. Thus, using
this device, five values of the liquid's density can be determined for each isotherm. The
number of experimental points may be increased by varying load masses. It was estab-
lished experimentally that the dead range for the breaking of a float away from a lower
contact is £0.01 MPa.

1.2 Method of Variable-Volume Piezometer

The method of the piezometer of a variable volume implies measurements of volume
changes for a known amount of a substance upon its compression or expansion. As a result
of measurements, a relationship between the volume and the pressure at a known tempera-
ture is obtained. In this method, one of the main elements of the apparatus is a separator,
which is located in the working volume of the piezometer; very high requirements are
imposed on this element. The separator must be high-sensitive, corrosion-resistant, and
ensure a pressure-tight connection between the working volume and the transmitting
medium. Usually, constructions with mercury, bellows, or pistons are used as separators.
At low temperatures, mercury is usually employed, because this is an ideal inert separator
with a zero friction under these conditions (its vapor pressure may be neglected at low
temperatures). The main source of errors in this method is the way of determining the vol-
ume of the gas to be studied. For this purpose, visual readings through special windows or
various electrical contacts located at certain positions (preliminarily calibrated with
respect to volume) are used, as well as resistive or inductive displacement gages.

Modern displacement transducers make it possible to determine longitudinal displace-
ments of a separator to a high accuracy (0.001-0.002 mm). Nevertheless, the determina-
tion of the volume of the piezometer at high pressures and temperatures is a very complex
problem. Factors that must be taken into account are the thermal and pressure-induced
expansion of the piezometer, the compressibility of the pressure-transmitting liquid, the
effect of nonisothermal volumes (which is difficult to calculate exactly), etc. The method
of the piezometer of variable volume with a variable amount of the substance to be studied
was suggested by Barnett [24]. In this method, two piezometers of different volumes sepa-
rated by a valve are placed into a thermostat. The gas to be studied is supplied into one of
the piezometers until a certain pressure is reached at a given temperature. The second pie-
zometer is evacuated. After this, the valve connecting the piezometers is opened and the
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