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PVTx Measurements of Water —n-Pentane Mixtures in Critical and Supercritical

Regions
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The PVTx properties of H,O + n-CsHj, mixtures have been measured in the near- and supercritical regions.
Measurements were made along 66 liquid and vapor isochores in the density range from (63 to 713) kg-m™3,
at temperatures from (303 to 684) K, and at pressures up to 63 MPa. Measurements were made for eight
concentrations between 0.0270 and 0.8898 mole fractions of n-CsHy,. The temperatures and pressures at
the three-phase (liquid—liquid—gas) and two-phase (liquid—gas) boundary curves for the H,O + n-CsH,
mixtures were obtained using the isochoric (P—T) break point technique. The expanded uncertainty of the
density, pressure, and temperature measurements at the 95 % confidence level with a coverage factor of k
= 2 is estimated to be 0.12 % (at high densities) to 0.15 % (at low densities), (0.0005 to 0.03) MPa, and
15 mK, respectively. The critical property (Pc,Tc) data of the upper and lower branches of the critical
curves were extracted from the derived phase-boundary data. The measured three-phase data were used to
estimate the value of the upper critical end point. The value of the Krichevskii parameter was cal cul ated
from the direct measured PVTx and the derived critical property data.

Introduction

Water + hydrocarbon mixtures are very important in many
scientific and technological aspects. Of practical relevance is
the use of water flooding in enhanced crude oil recovery,* a
procedure which is designed to maintain the reservoir pressure
while oil is extracted through the oil well. Other applications
for water + n-alkane mixtures are the hydrous pyrolysis of
kerogen from shae oail, the hydrolysis of plastics, synthetic
fibers, and polycarbonates for recycling,? the destruction of
hazardous wastes, such as polychlorinated biphenyls®* and
environmentally benign catalysis.®> Binary agueous n-alkane
mixtures are an interesting case of mixing a strongly polar and
a nonpolar component. For example, aqueous hydrocarbon
mixtures show unusual critical line shapes. The critical curve
of H,O + n-CsHy, is interrupted (no continuing critical curve
between the pure components’ critical points) and split into two
branches, upper and lower. Water + n-alkane mixtures exhibit
complex phase behavior, especially near the critical point of
one of the components. Relatively few experimental critical
locus data have been reported (see below) for agueous n-CsHs»
solutions due to the high-pressure (over 22 MPa) apparatus
needed. The difficulties in measuring the critical properties of
aqueous solutions arise from several sources: (1) there are great
differences between the critical properties of pure water and
the pure n-CsH1, (about 177 K and 19 MPa); (2) the apparatus
has to be designed to tolerate high temperatures and high
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pressures in addition to the corrosion resistance of the vessel;
and (3) the reliability of the calculated values is fair.

Review of Available Experimental Data

Critical Properties of Binary Aqueous n-CsH;, Solution.
Aqueous solutions of less volatile, more strongly interacting
molecules, such as n-alkanes, have critical curves that pass
through a substantial temperature minimum before turning to
high temperatures and pressures. The mutual solubility of
hydrocarbons and water is very low, and the three-phase
equilibrium line occurs at significantly higher pressures than
the vapor-pressure curve of the pure alkanes. The liquid—gas
critical curve that connects the critical end point of the three-
phase line and the critical point of pure n-alkane is rather short,
although for higher n-alkanesthis critical lineisvery long. There
is no continuous critical curve between the pure water and the
pure hydrocarbon critical points (see Figure 1). One of the
critical curves (lower critical curve) goes from the point T of
the less volatile component (n-pentane) and terminates at the
upper critical point liquid—liquid—gas (LLG) equilibrium end
points (upper critical end point; UCEP, see Figure 2). The other
critical curve (upper critical curve), originating from the pure
water critical point Tc(H,O) = 647.1 K extends toward very
high pressures and has a minimum with respect to temperature
at the point (Temin = 624.5 + 0.5 K and Pcyin = 34.2 + 0.5
MPa), where the two-phase region separates into two parts (see
also Figure 3). The shape of the critical curves for water +
n-alkanes changes systematically from system to system.®” It
shiftsto lower pressures with the n-alkane carbon number. The
temperature at the critical locus minimum does not differ very
much. The temperature at the critical end point is noticeably
less than pure alkane's critical temperatures for the mixtures
with butane and heavier alkanes. The critical curves of H,O +
n-alkane mixtures show typical gas—gas equilibria of the second
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Figure 1. P—T phase diagram and upper and lower critical lines of the
H,O + n-CsHj, mixture. 1, the vapor-pressure curve of pure water
(IAPWS?); 2, the vapor-pressure curve of pure n-CsHi, (Span and
Wagner*®); CP1, critical point of pure water; CP2, critical point of pure
n-CsHy; @, Brunner;” A, deLoos et d.;6 x, Brunner;” O, Jou and Mather;*”
v, Gillespie and Wilson;*® O, Connolly;® +-- -, three-phase (LLG) curve;
UCEP, upper critical end point (this work).
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Figure 2. Measured three-phase (LLG) and lower critical curves for the
H,O + n-CsHj, mixture together with vapor-pressure curves for pure
components. @, this work; @, Brunner;” x, Brunner;” O, Jou and
Mather;*"v, Gillespie and Wilson;*® O, this work; 1, the vapor-pressure
curve of pure water (IAPWS?); 2, the vapor-pressure curve of pure n-CsHi,
(Span and Wagner*®); dashed line is calculated from the correlation.’

type.>” The critical parameters for the water + n-pentane
mixture has been also measured by Connolly® and Roof.° The
critical point is defined by Connolly® as the minimum temper-
ature for the mixing of two componentsin all proportions as a
liquid or as the maximum temperature of a binary system for
two liquid phases in equilibrium. The uncertainty in the critical
measurement is 2 K and in the critical pressure is 1.01 MPa.
Roof® reported the pressure and temperature of the three-phase
critical point for 16 binary water + hydrocarbon mixtures.
Measurements were made using the 15 in. Vycor glass capillary.
The capillary was sealed off at the top and connected at the
bottom to a mercury pump and a pressure gauge. The steel ball
was moved slowly up and down in the capillary to achieve
equilibrium compositions. The disappearance of the interface
into an opalescent hazy zone was chosen as the critical state.
Measured values of the three-phase critical point for H,O +
n-CsHi, mixture are 463.71 K and 4.537 MPa. The critical
parameters of the H,O + n-CsHy, mixture were determined by
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Figure 3. Pc—T¢ projection of the upper critica curve of the H,0 + n-CsHy,
mixtures reported by various authors together with the present data. @, de
Loos et a.;® A, Connolly;® x, Brunner;” O, this work; solid line is the
vapor pressure of pure water |APWS;?6 ---, smoothed experimental curve.
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Figure 4. Tc—x and Pc—x projections of the upper critical curves of the

H,0 + n-CsH., mixture reported by de Loos et al.® together with the present

data. @, de Loos et al.;° O, this work; —, smoothed experimental curve.

observing the behavior of the meniscus by de Loos et a.® As
one can see from Figure 4 (right) in the Tc—x projection, the
upper critical curve of the H,O + n-CsHy, mixture observed a
minimum at a concentration around 0.075 mole fraction of
n-pentane, where (dT¢/dx) = 0. The Pc—x projection (Figure
4, |eft) of the critical curve shows no minimum (monotonically
increasing with concentration). At low concentrations (up to
0.075 mole fractions) Pc weekly changes with x, while at
concentrations above 0.075 the Pc—x curve is very steep. It is
very important, because according to the isomorphism princi-
ple,**** the near-critical behavior of binary fluids (Cy and other
thermodynamic properties) is controlled by two characteristic
parameters, K; and K, that are determined by the slopes of
the critical curves (Tc—x and Pc—X). The parameter K; controls
strongly divergent properties such as the isothermal compress-
ibility Kt and the isobaric heat capacity Cp. The parameter K,
is responsible for the deformation of the weak divergence of
Cy and defines the range of Fisher renormalization® of the
critical exponent o.. The isochoric heat capacity behavior of a
binary mixture will exhibit the same behavior as those of the
pure components in the range of temperature v > 1,,'° where
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Therefore, at concentrations of 0.075 mole fraction of n-pentane,
where (dTc/dx) = 0, the value of K, = 0, and the characteristic
reduced temperature 7, is zero. Thus, the condition 7 > 1, is
valid at any temperatures along the critical isochore for the
composition x = 0.075 mole fraction of n-pentane. Thisis means
that the binary mixture H,O + n-CsHy, with concentrations of
x = 0.075 mole fraction of n-pentane behave near the critical
point as purefluid (Cy < ™). At any other concentrations where
the condition 7 < 7 isvalid, those properties that diverge weakly
in single-component fluids will be saturated, and all critical
exponents will be renormalized by a factor /(1 — o)(Cyx o<
7oLy,

The Pc—Tc projections of the critical curves for 23 binary
mixtures of water + n-alkanes with n-alkane carbon numbers i
=1to12andi = 14, 16, 18, 20, 24, 25, 26, 28, 30, 32, and 36
were measured by Brunner.” He showed that all of the critical
curves are interrupted and its shape changes systematically with
i. Measurements were performed in a 30 cm® cylindrical high-
pressure optical cell. The operating pressure of the cell is 200
MPa at 750 K. The uncertainties of pressure and temperature
measurements at phase-boundary appearance or disappearance
are 0.1 % and 0.2 K, respectively. The total uncertainty of the
position of the critical pressure measurements is estimated to
be 0.4 %. The LLG curves for these mixtures are at higher
pressures than the vapor pressures of the pure components (see
Figures 1 and 2) and end in an liquid—gas (LG) UCEP. The
UCEP for the H,O + n-CsHy, mixture found by Brunner” is
463.8 K and 4.577 MPa. Our results (see below) for the UCEP
are x = 0.791 mole fraction of n-pentane, Tycep = 463.85 K,
and Pycep = 4.575 MPa. The temperature minimum of the
critical curve for H,O + n-pentane reported by de Loos et al.*
iS Temin = 624 K and Pemin = 34.4 MPa. Our results (see below)
are Temin = 625 K and Pcpin = 34.0 MPa

Neichel and Franck™ calculated the critical curves for water
+ n-alkane (C; to Cs and Cy2) mixtures at temperatures up to
670 K and at pressures up to 200 MPa using the perturbation-
type equation of state with a repulsion and an attraction term
with square-well potential for intermolecular interaction. The
three adjustable parameters of the model (k;, k., w;) have been
calculated using the critical lines data (Pc, Tc, Xc).

PVTx Measurements. The largest gap in the database is found
to be the thermodynamic properties measurements in the near-
and supercritical regions for the H,O + n-CsH;, mixture. Most
of the reported PVTx data cover the temperature and pressure
ranges below the critical point. Almost all previous reported
dataare PTx (VLE data), not PVTx. They are not provided with
density measurements. Here we will briefly review only work
with PVTx and phase-boundary properties data at high temper-
atures and high pressures. PVTx properties of the H,O + n-CsHy»
mixture in the supercritical region have been reported by
Abdulagatov et al.**® They used a constant-volume piezometer
technique to measure PVTx relations at a fixed temperature of
647.05 K (close to the critical temperature of pure water) in
the pressure range from (4 to 41) MPa and at concentrations
from (0.028 to 0.694) mole fraction of n-pentane. The uncer-
tainty of the density measurements was 0.5 % and pressure 2
kPa. de Loos et a.® reported phase-boundary curves (PTX)
between the two- and one-phase regions for 12 compositions
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in the temperature range from (600 to 675) K and at pressures
from (15 to 170) MPa. The uncertainty in the temperature,
pressure, and concentration measurements was 0.1 K, 0.02 MPa,
and 0.002 mole fraction, respectively. They found a second type
of gas + gas equilibrium shape of the (P—T) isopleths. Brunner”
measured the P—T projection of the critical curves and LLG
three-phase curve data for 23 binary mixtures of water +
n-alkane. Connolly® measured the solubility (PTX) of n-pentane
in near-critical water as afunction of pressure at severa constant
temperatures from (573 to 625) K. The uncertainties in
temperature and pressure measurements were within 0.02 K and
0.202 MPa, respectively. Scheffer’® reported three-phase (LLG)
curve data for the H,O + n-CsHj, mixture in the temperature
range from (423 to 466) K. These data together with other
published three-phase results are presented in Figure 2. Jou and
Mather'” measured three-phase equilibriain the H,O + n-CsHy,
mixture over the range of temperature from (273 to 453) K using
a visual cell. The uncertainty in temperature and pressure
measurements was 0.1 K and 0.1 %, respectively. The results
were fitted to Clausius—Clapeyron type equation. Three-phase
equilibrium data for the H,O + n-CsH;, mixture were reported
aso by Gillespie and Wilson'® in the temperature range from
(311.5t0 423.3) K. Other properties such as excess enthalpy at
high temperatures, from (363 to 698) K, were reported by
Wormald et a.'® Measurements were made using two flow
calorimeters of different design for low and high pressures. In
our previous publication®® we reported preliminary PVTx data
for this mixture for only one (0.075 mole fraction of n-pentane)
composition at the temperature range from (303 to 684) K and
at pressures up to 60 MPa. In this work we slightly modified
the construction of the piezometer to improve the accuracy of
the pressure measurements and temperature control. In particu-
lar, we replaced the diaphragm-type null indicator to a more
sensitive one and used additional heating elements to improve
the temperature control to accurately maintain the homogeneity
of the temperature distribution along the length of piezometric
tube. Therefore, the present data for the pressures systematically
differ from the previous? measurements by (15 to 20) %. Thus,
the primary objective of this work was to expand the existing
PVTx database for the H,O + n-CsHi, mixture to higher
temperatures (near- and above the critical temperature, up to
684 K) and pressures from (0.035 to 63.0) MPa.

Experimental Apparatus and Procedure

The high-temperature and high-pressure apparatus used for
PVTx measurements of H,O + n-CsHy, is similar to that used
in previous publications?®~2° to measure PVTx properties of pure
1-butanal, H,O + n-CsHi,, and H,O + n-CgHay in the critical
and supercritical regions. Detailed descriptions of the apparatus,
the experimental procedure, and an uncertainty assessment have
been described in our previous publications.®®~2° The measure-
ments were made using the constant-volume method. The
apparatus used for the present (P,V,T,X) measurements is
schematically shown in Figure 5. The main part of the apparatus
consisted of a piezometer (1), the system for the temperature
control (7), the system for thefilling piezometer with the sample,
and the system for the pressure measurements. The most
essential part of the apparatus is piezometrical tube. The
cylindrical tube piezometer was made from stainless steel (12
x 18H10T, 12 chrome-18 nickel-10 titanium) with inner
diameters of 8.721 + 0.003 mm and outer diameters of 14.121
=+ 0.003 mm. A diaphragm-type null indicator (2) (see Figure
5) was mounted on one of the ends of the piezometer, and a
stop valve was mounted on the other end of the piezometer.
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Figure 5. Schematic representation of the high-pressure and high-temper-
ature apparatus for PVTx measurements: 1, body of the piezometer tube; 2,
body of the diaphragm-type null indicator; 3, stop valve; 4, solid copper
block; 5, three-sectioned heater; 6, stirrer (cylindrical form with conic end);
7, inductance coil to hold the stirrer; 8, cail for fixing the falling time of
falling-body; 9, compensation heater.

The stop valve was used also to fill the piezometer with the
fluid sample. The sample is intensely mixed using a stirrer (6)
(cylindrical form with conic end) made from stainless steel.
Stirring of the mixture was accomplished with the aid of astirrer
(6) that was moved by the turning the piezometer by an angle
of 180° around the vertical axis. The thermostat was a massive,
solid copper block (4) which was mounted on the piezometric
tube to maintain the homogeneity of the temperature distribution
along the length of piezometric tube. A three-section heating
element was mounted on the surface of a solid cooper block to
control the temperature in the thermostat. Cylindrical wellswere
used for a thermocouples and resistance thermometer (PRT) on
the ends and on the middle of solid cooper block. The
temperature difference between various sections of the cooper
block was within 0.02 K.

Pressure was measured with a diaphragm-type null indicator
(2). The diaphragm (40 mm in diameter and 0.05 mm thick)
was made from 321 stainless steel. The membrane was
compressed (squeezed) between the piezometer body and the
null-indicator body with bolts (8) (see Figure 5). At the neutral
point (position) the membrane touched the surface of the
cylinder (4), and the distance between the membrane and the
electrical contact (5) is about (0.2 to 0.3) mm. A basic part of
the diaphragm-type null indicator (2) is membrane which was
made of stainless steel (0.08 mm thick and 32 mm in diameter).
The membrane is separated by the sample under study, and the
pressure transmitted the liquid (castor oil) of the manometer.

System of Temperature Measurement and the Temperature
Control. The main heater created the desired temperature using
the high-precision temperature regulator (HPTR-3). The tem-
perature homogeneity along the piezometer was controlled with
two HPTR-3, differential thermocouples, and heaters. The
temperature of the piezometer was measured with a platinum

resistance thermometer (PRT-10) which was calibrated against
a standard thermometer of the VNIIFTRI (Moscow). All
temperatures were recorded on ITS-90. The uncertainty in
temperature control and temperature measurements is within
20 mK and 15 mK, respectively.

The pressure of the sample (mixture) was measured with a
dead-weight pressure gauge MP-600. The absolute sample
pressure was caculated as

P=P,+P,+P, )

where Py, is the pressure reading by the dead-weight pressure
gauge (MP-600), Py, is the barometric pressure, and P, is the
pressure created due to the difference in oil levels in the
manometer and null indicator. At low pressures (up to 1 MPa)
the pressure in the piezometer was measured with a null
indicator and standard manometer. At high pressures the pressure
measurements were performed with the dead-weight pressure
gauge MP-600. The vaues of P, were calculated as P, =
pal0Ahy (Ahy, = 0.45 m), and the values of pgy in the
experimental conditions change from (760 to 1000) kg-m™2.
Therefore, the values of the P, were changed within (0.0042 to
0.0044) MPa. The maximum uncertainty in the pressure
measurements are within 0.0005 MPa at low pressures (below
1 MPa) and 0.03 MPa at high pressures. The sensitivity of the
null indicator is within 0.005 MPa.

Since the inner volume Vp of the piezometer is subjected to
the effects of both temperature T and pressure P, it is essential
to make appropriate corrections for these influences. The inner
volume of the piezometer was calculated by taking into
consideration corrections of the elastic pressure deformation and
thermal expansion. The internal volume of the piezometer was
previously calibrated by filling it with pure water. The volume
of the piezometer Vrp, = m(H,0)/p(H-O) at room temperature
To = 293.15 K and at atmospheric pressure Po = 0.1 MPawas
caculated from the well-established (IAPWS formulation,
Wagner and Pruss®®) density p(H,O) and mass of the water
m(H,O). The uncertainty in the density of pure water at this
condition is less than dp < 0.001 %. The derived value of
volume at these conditions was Vrp, = (22.035 £ 0.025) cm®.
It is necessary to know the volume of the piezometer, Ver, at a
given temperature T and pressure P, for the purpose of
calculating densities p(T,P) = m/Vpr. Variations of the piezom-
eter volume Vpr with temperature T and pressure P were
caculated using the therma expansion coefficient of the
piezometer material, o = (16-107% to 17.5:10°% K™ in the
temperature range from (273 to 673) K, and the pressure
expansion coefficient of the piezometer, 8 = 4-107° MPaL.

Vor = Vpr[1 + 3T — To) + (P — Pyl (3)

The uncertainty in oc and 5 is negligibly small (about 5 %) and
did not affect to the density determination. For example, even
a 20 % uncertainty in a and S causes less than 0.15 %
uncertainty in the piezometer volume.

All masses were determined with an uncertainty of 5-104
g. The volume of the piezometer at a given temperature T and
pressure P was measured with an uncertainty of 0.011 %. The
present experimental apparatus had negligible noxious volumes.
To avoid the additional uncertainty in the density measurements
which were introduced by the noxious volume, a diaphragm-
type null indicator was mounted on one of the ends of the
piezometer (see Figure 5). Taking into account the uncertainties
of measurements of temperature and pressure, the combined
expanded (k = 2) uncertainty of measuring the density was
estimated to be 0.15 % at low densities and 0.12 % at high



Table 1. Comparisons between the Test M easurements and the
Calculated Values of the Pressure of Pure Water along the Isochore
of 35L.1 kg-m~3

TIK Pex/MPa (thiswork) — Pea/MPa (IAPWS?)  deviation/%
345.21 0.034 0.034 0.3
424.56 0.493 0.494 0.2
460.99 1.200 1.197 -0.2
500.19 2.646 2.649 0.1
538.06 5.081 5.078 -0.1
554.69 6.572 6.567 -0.1
599.35 12.252 12.241 -0.1
617.35 15.401 15.387 -0.1
625.16 16.953 16.941 -0.1
661.30 26.300 26.259 —-0.2
677.22 31.034 31.110 0.2

densities. To check the reproducibility of the experimental
density values, some of the measurements at selected temper-
atures and pressures were repeated at afew (5 to 6) times. The
reproducibility of the data corresponding to repeated (P,T) is
better than £ 0.1 %. To test the apparatus and procedures of
the measurements and confirm the accuracy of the measure-
ments, before engaging in measurements on the H,O + n-CsHy,
mixture, the density of triple-distilled water was measured and
compared with values calculated from IAPWS formulation.®
Table 1 provides the present experimental PVT data for pure
water at a selected constant density of 351.1 kg-m ™2 measured
using the same experimental apparatus. As one can see from
Table 1 (see also Figure 6), the agreement between test
measurements for pure water and IAPWS?® formulations is
good, and the absolute average deviation is AAD = 0.16 %
(deviation statistics are: AAD = 0.16 %; bias = —0.02 %;
standard deviation = 0.19 %; standard error = 0.06 %;
maximum deviation = 0.3 %). This acceptable agreement
between the present data and the IAPWS?S cal culations for pure
water in the critical and supercritical conditions confirms the
reliability and high accuracy of the measurements for the
H,O + n-CsHy, mixture and gives us an assurance that our
instrument is functioning correctly. The H,O + n-CsHy, mixture
was prepared by weighing. Distilled water was used, and this
was mixed with analytical reagent grade n-CsHy, with a mole
fraction purity of 0.998. The uncertainty in concentration was
0.001 mole fraction.

Results and Discussion

Measurements of the PVTx relation of the H,O + n-CsHy,
mixtures were performed along 66 liquid and vapor isochores

35
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Figure 6. Comparison of the present measured values of pressure as a

function of temperature along the selected isochore of 351.1 kg-m™2 for

pure water with the values calculated from |APWS?® formulation.
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from (63 to 713) kg-m™3 as a function of temperature in the
range from (303 to 684) K at pressures up to 63 MPa. These
regions include upper and lower branches of the critical lines,
the LLG three-phase line, and liquid—gas, liquid—liquid, and
gas—gas phase equilibrium curves. Most measurements were
made in a range of temperature and pressure in the immediate
vicinity of the phase transition and the critical pointsto precisely
determine the phase boundary properties (Ts,Ps) and the critical
parameters (Tc,Pc). Detailed measurements of the phase transi-
tion boundary were allowed to precisely determine (see below)
the shape of the LLG and LG phase boundary curves near the
critical points and accurately determine the critical parameters
(Te,Pc) and therefore construction of the complete PVTx phase
diagram of the binary H,O + n-CsHy, mixture. The critical and
phase transition points are the key parameter in the construction
of the phase diagrams. The measured values of temperature,
density, and pressure for the H,O + n-CsHj, mixtures are
presented in Table 2. Some selected experimental results are
shown in Figures 7 and 8 in the P—T and P—p projections for
the fixed composition of 0.0967 mole fraction of n-pentane.
Figures 7 shows the P—T dependence along various selected
liquid and vapor isochores. As one can see from Figure 7, each
mesasured liquid and vapor P—T isochore far from the critical
region clearly exhibits the break points which are indicate the
phase transition (LLG = LG = L or G) occurring in the system
heated in a closed volume. In Figure 9 (left) the present data
are depicted along the selected near-critical isotherm—isochore
(almost critical isotherm—isochore of pure water, 647.05 K and
326.13 kg-m™3) and at the selected isotherm (right) and
concentration (647.05 K and 0.0967 mole fraction of n-pentane)
together with the data reported by Abdulatagov et al.**® The
initial slope, (aP/0X)T.v,, Of the critical P—x isotherm—isochore
(Figure 9, left) is defined as the value [(139.03 + 3) MPq] of
the Krichevskii parameter (direct measurement of the Krichev-
skii parameter). This value is very close to the value of the
Krichevskii parameter calculated from the critical properties data
[(144.11 + 5) MPa]; see below. As one can see from Figure 9,
the agreement is good enough (within 0.2 % to 0.5 %). The
detailed view of the various parts (ranges) of the measured liquid
and vapor P—T isochors showed that each isochore contains a
few break points which correspond to various types of phase
transition points. In this work the measured PVTx data were
used to accurately determine the location of the phase boundary
(LG and LLG) curves using the “break points’ technique. The
break P—T curves are often found in the system water +
n-alkanes.?"%

Phase Boundary Parameter Determination. P—T relations
were measured for different fillings (liquid and vapor) of the
piezometer. Breaks in the P—T curves for mixtures of fixed
overall concentration and density indicated the transition from
a two- to a one-phase or from a three- to a two-phase region.
This method was originally proposed by Lentz.2° This technique
was also successfully used to accurate determine the phase
transition points for pure (Levelt Sengers and Hastings™ and
Bazaev et a.>") fluids and aqueous binary mixtures (Mather et
al.,%” Shmonov et a.,?® Bach and Friedrichs,*? Bazaev et al.,*
and Polikhronidi et al.>%). Each run for the PVTx measurements
was normally started in the three-phase region and completed
in the one-phase (liquid or vapor depending on filling factor)
region. The present experimental PVTx data for the water—n-
pentane mixture were used to extract the phase-boundary
parameters (Ts, Ps) using a graphical —analytical technique for
each measured isochore. The LLG and LG phase boundary data
extracted from isochoric P—T break points are presented in
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Table 2. Experimental (PpTx) Values of the H,O + n-CsHj, Mixtures

TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa

x = 0.8898 mole fraction of n-CsH,

olkg-m~ = 63.30

olkg-m~ = 94.96

olkg-m~3 = 126.60

olkg-m~ = 63.30

olkg-m~3 = 94.96

plkg-m~3 = 126.60

309.89 0.047 310.80 0.049 310.51 0.0485 413.10 1.252 418.83 1.488 445,11 2.393
336.95 0.200 337.49 0.205 338.33 0.207 419.06 1.364 424.29 1.657 450.77 2.598
349.49 0.315 349.36 0.312 362.72 0.481 424.65 1.433 426.79 1727 457.35 2.834
353.42 0.355 354.92 0.367 366.65 0.529 432.09 1.549 430.77 1.830 463.34 3.032
358.80 0.428 358.58 0.417 371.36 0.541 436.52 1.628 437.25 2.020 468.55 3.206
362.89 0.430 363.37 0.462 374.49 0.605 443.66 1.697 448.86 2.334 475.84 3.462
366.34 0.473 367.39 0.496 380.01 0.670 455.15 1.844 472.20 2.834 479.81 3.598
369.71 0.518 371.15 0.548 395.79 0.930 467.50 2.014 496.22 3.318 491.72 3.972
377.17 0.622 374.69 0.600 401.55 1.039 490.41 2.256 529.49 3.913 514.45 4.500
382.15 0.697 381.27 0.695 407.20 1177 525.93 2.529 563.40 4.393 535.48 4.952
386.91 0.782 386.49 0.791 414.21 1.364 560.56 2771 595.60 4.765 570.01 5.657
392.59 0.885 393.45 0.922 420.15 1.531 590.41 2972 629.90 5.206 605.80 6.393
398.31 0.997 400.41 1.039 426.44 1.736 622.67 3.206 666.41 5.697 637.77 6.992
401.94 1.079 406.34 1.167 433.54 1.972 645.56 3.365 679.56 5.888 676.99 7.724
407.15 1.138 412.35 1.315 438.36 2.157

olkg-m~3 = 158.30

olkg-m~ = 189.90

plkg-m~3 = 253.20

olkg-m~3 = 158.30

olkg-m~3 = 189.90

plkg-m~3 = 253.20

317.26 0.0605 310.18 0.060 307.45 0.040 415.62 1.559 467.51 3.681 468.13 4.039
340.65 0.236 337.32 0.201 337.25 0.230 420.15 1.708 468.56 3.765 473.05 4334
346.52 0.280 351.23 0.337 361.68 0.520 433.54 2131 473.56 4.069 484.84 5118
355.48 0.374 362.53 0.460 375.93 0.767 44511 2.557 484.27 4.598 506.82 6.579
360.77 0.429 376.25 0.671 380.82 0.857 457.35 3.033 507.44 5.726 540.65 8.834
364.29 0.463 388.95 0.878 389.70 1.016 463.34 3.248 544.15 7.000 574.15 10.893
368.45 0.508 394.77 1.000 390.79 1.049 466.16 3.375 572.09 8.216 607.12 12.697
37171 0.554 401.85 1.147 391.87 1.103 475.84 3.740 607.79 9.492 645.60 14.913
376.03 0.613 407.31 1.328 394.90 1177 486.49 4.129 644.95 10.874 678.67 16.047
379.38 0.660 412.27 1.445 400.65 1.315 492,51 4.336 674.78 12.052

383.09 0.736 413.71 1.483 407.39 1.531 497.61 4.507

387.50 0.827 414.79 1.539 420.40 1.933 516.97 5.138

390.59 0.905 420.55 1.795 432.74 2.403 539.61 5.815

394.20 0.991 431.62 2.295 444.09 2.834 570.01 6.641

395.58 1.018 444.00 2.854 449.92 3.083 605.80 7.660

399.83 1134 455.96 3.323 456.51 3.374 640.44 8.600

407.20 1.322 462.29 3.500 460.46 3.538 677.19 9.651

410.90 1.429 466.19 3.633 461.65 3.614

olkg-m~3 = 316.50

olkg-m~3 = 379.80

olkg-m~3 = 443.00

olkg-m~3 = 316.50

olkg-m~3 = 379.80

olkg-m~3 = 443.00

309.26 0.048 305.85 0.0393 310.10 0.0485 437.75 2.608 426.35 2.216 440.16 3.393
338.82 0.254 306.98 0.0432 336.66 0.234 443.79 2.844 431.88 2472 453.41 5.579
363.25 0.500 335.78 0.232 349.69 0.373 447.83 3.087 432.60 2.482 476.27 10.000
366.90 0.552 349.29 0.358 356.16 0.439 449.97 3.226 444.01 3.059 499.36 14.736
370.38 0.610 358.39 0.466 360.35 0.510 455.96 3.559 455.55 3.775 522.99 20.205
374.83 0.700 364.06 0.546 364.23 0.562 460.81 3.825 467.44 5.039 543.19 24.657
375.61 0.739 367.76 0.615 367.75 0.614 473.02 4.697 490.82 8.295 576.59 31.618
382.14 0.855 371.49 0.688 372.31 0.707 486.01 5.677 525.06 12.913 604.86 40.508
388.25 1.000 375.56 0.757 378.30 0.825 505.65 7.590 525.40 13.079 637.57 49.164
394.52 1.068 382.35 0.902 390.40 1.095 528.39 9.834 558.84 17.657 677.68 60.000
400.37 1.300 395.79 1.197 398.43 1.298 562.86 13.138 593.55 22.500

408.27 1516 407.91 1.539 399.82 1.340 596.42 15.933 625.40 26.559

414.16 1.716 415.18 1.802 403.92 1.492 629.73 18.893 645.84 29.393

420.40 1.893 416.49 1.851 414.64 1.893 664.86 21.978 673.86 33.089

42552 2.118 418.96 1.952 427.72 2.492 678.17 23.159

431.05 2.325 419.96 2.039 427.82 2492

plkg-m~3 = 63.55

x = 0.8570 mole fraction of n-CsH1,

olkg-m~ = 63.55

310.96 0.058 425.77 1.638
336.16 0.204 431.64 1.736
349.89 0.355 438.03 1.815
356.59 0.442 443.99 1.933
363.15 0.511 455.40 2.088
370.26 0.598 479.90 2413
375.82 0.645 512.90 2913
382.83 0.738 548.15 3.393
388.58 0.883 581.46 3.745
400.50 1.098 602.89 3.952
414.81 1.393 646.54 4.256
41951 1.492 678.27 4.442

olkg-m— = 78.24

olkg-m~ = 117.36

x = 0.139 mole fraction of n-CsH»

olkg-m~ = 162.06

olkg-m~ = 78.24

olkg-m~3 = 117.36

olkg-m~3 = 162.06

314.12 0.044 310.61 0.041 311.79 0.043 464.97 2.579 523.44 6.354 443.19 2.775
345.41 0.279 336.71 0.205 337.67 0.215 476.63 2972 547.97 8.492 470.35 3.834
363.50 0.525 362.29 0.508 362.65 0.520 488.36 3.472 558.00 9.638 473.95 5.078
376.86 0.758 391.71 1.052 390.75 1.008 500.31 4,059 562.59 10.059 517.92 6.601
382.35 0.855 402.90 1.285 397.82 1.157 511.15 4.697 564.92 10.354 540.59 8.500
386.55 0.929 406.65 1.374 402.96 1.295 523.15 5.433 568.44 10.697 565.53 11.216
390.66 1.020 409.86 1.413 405.82 1.354 534.12 6.197 572.26 11.236 577.43 12.393
397.06 1.138 410.71 1.433 410.52 1511 544.57 7.000 576.56 11.539 580.79 12.834
401.26 1.236 415.71 1.588 413.43 1.588 568.75 8.374 579.51 11.775 587.70 13.893
403.76 1.298 420.55 1.726 444.95 1.647 573.36 9.000 592.15 13.138 589.51 14.187
406.87 1.328 420.36 1.884 448.35 1.803 576.75 9.078 610.10 14.579 592.30 14.550
416.93 1.442 430.10 2.039 423.60 2.010 591.21 9.657 634.97 16.236 598.16 15.275
427.59 1.598 436.57 2.236 424.84 2.108 613.84 10.500 659.16 17.834 624.77 18.315
427.86 1.638 455.34 2.795 430.06 2.315 636.61 11.393 677.93 19.078 674.15 24.059
441.47 1.933 483.89 3.756 433.54 2.433 675.82 12.908

451.00 2177

500.95 4.795

441.96 2.641
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T/IK P/IMPa TIK P/IMPa TIK P/MPa TIK P/IMPa T/IK P/MPa T/IK P/MPa
plkg-m~3 = 202.57 plkg-m~3 = 243.09 plkg-m~3 = 324.12 plkg-m~3 = 202.57 plkg-m~3 = 243.09 plkg-m~3 = 324.12
310.65 0.043 310.49 0.043 310.63 0.043 563.99 11.795 510.21 7.236 505.64 7.638
337.90 0.240 340.69 0.240 340.36 0.238 570.65 12.657 536.41 9.492 529.99 10.059
363.49 0.537 366.44 0.571 366.62 0.571 576.77 13.452 547.98 10.677 540.89 11.295
392.61 1.059 392.30 1.059 393.79 1.078 587.38 14.874 554.72 11.500 553.17 13.000
418.69 1.815 418.12 1.775 410.15 1.500 593.16 15.672 559.66 12.078 558.72 13.697
421.82 1.946 424.29 2.059 416.52 1.716 595.82 16.068 562.95 12.598 564.65 14.559
424.86 2071 430.15 2.334 423.20 1.972 598.57 16.457 566.52 13.118 568.52 15.078
426.22 2.138 433.19 2472 433.94 2.500 611.26 18.079 568.05 13.236 574.75 16.078
432.55 2.393 437.32 2.697 440.66 2.854 624.71 19.795 576.74 14.559 587.29 17.893
438.35 2.695 441.00 2.854 446.99 3.256 650.49 22.928 589.38 16.492 609.25 22.334
451.17 3.315 444.50 3.078 450.84 3.433 674.72 26.031 604.31 19.031 615.03 23.802
475.62 4.472 451.05 3.452 455.40 3.736 607.37 19.453 618.16 24.394
499.27 5.893 453.74 3.581 458.55 4.039 617.62 20.893 628.44 26.367
520.57 7.598 456.49 3.715 462.29 4.315 640.15 24.157 647.65 30.236
544.52 9.697 462.45 4.118 467.76 4775 677.40 29.426 673.87 35.653
558.42 11.098 486.90 5.472 480.50 5578

plkg-m~2 = 405.15 plkg-m~3 = 486.17 plkg-m~3 = 567.20 plkg-m~3 = 405.15 plkg-m~3 = 486.17 plkg-m~2 = 567.20
308.74 0.038 309.86 0.039 308.27 0.0375 538.02 12.393 543.71 15.893 515.15 16.039
340.49 0.241 338.80 0.221 339.74 0.239 549.70 14.177 547.34 17.177 526.94 19.197
364.26 0.538 362.11 0.509 362.50 0.513 553.99 14.992 549.65 17.472 533.04 20.933
392.01 1.045 392.51 1.053 400.89 1.240 556.45 15.559 554.79 18.697 536.57 22.374
423.05 2.000 427.30 2.197 431.84 2.354 560.13 16.098 560.05 20.078 540.11 23.393
435.36 2.539 440.29 2.893 444.36 3.138 567.45 17.393 571.84 23.098 544.40 24.657
448.07 3.236 444.55 3.138 448.62 3.395 577.36 19.539 583.51 26.500 547.70 25.657
455.43 3.697 451.29 3.559 452.31 3.531 602.00 25.039 595.35 30.079 555.34 28.393
460.42 4.098 458.50 3.933 454.50 3.664 613.16 28.039 606.85 34.500 557.40 29.677
464.50 4.539 464.65 4.433 457.07 4.078 626.16 31.933 630.24 43.775 561.82 30.786
467.37 4.756 470.40 4.952 457.37 4131 629.49 32.933 632.36 45.608 566.07 33.157
469.62 4.952 475.92 5.756 460.17 4.677 640.41 36.452 636.39 47.147 579.76 38.874
477.36 5472 482.53 6.393 467.57 5.697 647.66 38.834 647.49 51.577 591.17 43.598
488.65 6.578 493.41 7.933 478.90 7.795 675.19 47.618 669.39 60.518 614.06 51.674
513.49 9.354 519.50 11.472 503.07 13.059 634.88 60.478
olkg-m~3 = 607.70 olkg-m~3 = 648.23 plkg-m~3 = 607.70 plkg-m~3 = 648.23
308.48 0.0377 309.49 0.038 483.11 11.736 451.50 7.972
338.39 0.217 338.00 0.215 508.37 19.736 463.67 12.452
363.37 0.525 362.92 0.518 533.79 28.638 477.10 17.393
392.14 1.049 382.60 1.078 538.31 30.492 489.25 22.000
423.19 2.017 407.25 1.374 541.84 32.000 501.46 26.677
435.95 2.618 419.14 1.834 546.15 33.697 513.04 39.177
442.67 2972 423.49 2.018 549.52 35.098 524.55 38.834
446.12 3.236 427.82 2.198 553.16 36.559 536.35 44.697
450.49 3.795 429.15 2.256 556.67 38.197 548.59 50.000
453.92 4.539 430.17 2477 562.98 41.039 54471 48.177
460.56 5.992 432.01 2.834 574.77 47.413 553.41 52.393
461.32 8.697 438.91 4.500 582.79 51.972 556.90 54.598

olkg-m—3 = 82.60

312.41 0.045
338.51 0.218
366.41 0.505
379.43 0.765
383.55 0.900
385.29 0.967
386.34 1.020
387.82 1.044
390.35 1.078
392.13 1.118
396.46 1.206
401.86 1.295
415.12 1.500
440.67 1.952
464.32 2.539
489.97 3.452
513.96 4.657
538.44 6.256
561.17 8.354

olkg-m~3 = 206.60
310.56 0.042
339.8 0.255
369.45 0.539
379.41 0.772
386.87 0.919
393.39 1.078
399.89 1.236
404.6 1.344
407.16 1.452
412.2 1.618
4159 1.736
420.09 1.874
423.66 2.098
430.15 2.354
441.71 2.874
444.86 3.033
450.17 3.235
466.42 3.834

490.35 4.992

olkg-m~ = 123.94

311.95 0.044
339.16 0.225
350.61 0.343
367.62 0.520
378.16 0.743
383.55 0.842
387.59 1177
391.32 1.275
396.59 1.374
403.10 1.539
416.62 1.893
428.73 2.256
438.22 2.520
463.71 3.157
486.48 4.098
511.48 5.334
534.47 7.078
558.55 9.177
560.65 9.492

plkg-m~3 = 247.90
310.59 0.042
339.22 0.238
364.51 0.547
381.29 0.798
393.19 1.059
406.91 1.482
411.86 1.657
414.90 1.805
418.75 1.923
422.81 2.078
426.71 2.216
430.70 2.393
434.72 2.578
738.52 2.775
442.29 2.933
445.99 3.138
449.79 3.374
453.35 3.618
457.00 3.854

X = 0.1185 mole fraction of n-CsH1»

olkg-m~3 = 165.20

310.66 0.042
339.13 0.242
363.95 0.500
365.66 0.510
368.79 0.608
377.59 0.745
383.05 0.852
383.76 0.864
387.86 0.965
388.93 0.981
394.85 1.157
395.09 1.197
396.47 1.216
399.51 1.256
401.52 1.285
404.19 1.354
405.68 1.384
408.99 1.492
409.58 1.520

plkg-m~3 = 330.50
310.13 0.041
340.22 0.251
367.81 0.569
393.63 1.059
420.41 1.933
433.65 2.492
446.02 3.098
453.15 3.539
458.17 3.933
461.40 4.138
465.33 4.413
468.95 4.697
475.69 5.098
485.98 5.775
510.14 7.736
535.50 10.098
558.40 13.078
583.50 16.638
606.34 20.834

olkg-m~ = 82.60

564.49 8.791
565.17 8.875
572.98 9.374
578.49 9.736
591.74 10.618
612.86 11.638
637.86 12.638
658.21 13.502
675.15 14.223

plkg-m~3 = 206.60

514.05 6.559
537.91 8.472
562.26 10.736
572.43 11.972
579.45 13.02

583.12 13.677
587.18 14.098
590.85 14.697
594.77 15.197
598.32 15.893
605.13 17.098
607.28 17.551
611.42 18.222
617.31 19.197
620.15 19.561
640.07 22.011
655.25 23.993
675.72 25.588

olkg-m~ = 123.94

564.52 9.756
567.95 10.177
572.73 10.697
576.23 10.933
580.36 11.334
585.65 12.059
596.70 13.354
619.90 15.472
643.97 17.236
662.00 18.502
677.73 19.617

plkg-m~3 = 247.90

460.67 4.000
463.67 4.039
469.72 4.354
483.19 5.118
507.30 6.716
530.26 8.500
566.71 12.618
578.86 14.197
584.21 15.177
589.82 16.039
595.73 16.992
601.61 17.933
607.59 18.992
613.45 20.334
619.21 21.433
625.12 22.500
631.04 23.393
642.05 25197
675.00 29.815

olkg-m~3 = 165.20

412.46 1.618
414.77 1.736
424.36 2.059
451.85 3.000
476.61 3.952
500.90 5.138
522.75 6.697
546.96 8.815
570.59 11.315
576.43 12.000
580.21 12.393
584.55 12.893
587.75 13.295
591.61 13.795
597.21 14.539
607.37 15.874
618.96 17.177
647.83 19.834
674.79 21.935
p/kg-m~3 = 330.50
618.00 23.657
624.09 25.138
629.94 26.433
635.15 27.636
645.95 30.500
657.17 33.295
675.82 38.114
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Table 2. Continued

T/IK P/IMPa TIK P/IMPa TIK P/MPa TIK P/IMPa T/IK P/MPa T/IK P/MPa
plkg-m~ = 413.10 plkg-m~2 = 496.00 plkg-m~2 = 578.00 plkg-m~3 = 413.10 plkg-m~3 = 496.00 plkg-m~3 = 578.00
309.69 0.039 309.70 0.039 309.30 0.0387 534.65 11.578 487.15 6.845 521.50 16.893
340.13 0.260 340.17 0.265 338.82 0.245 559.68 15.315 512.07 10.618 546.42 23.893
366.06 0.568 368.09 0.573 367.12 0.571 582.49 19.697 537.29 14.736 569.71 32.795
393.32 1.059 395.06 1.069 392.96 1.039 605.32 25.000 561.70 19.539 573.17 44.197
419.50 1.893 420.19 1.933 420.16 1.874 618.06 28.539 586.72 26.256 600.29 47.295
433.85 2472 425.73 2.118 443.86 3.059 624.40 30.492 608.40 34.952 603.75 49.236
445.84 3.098 435.70 2.697 450.41 3.433 630.18 32.539 618.30 39.177 607.56 51.501
456.95 3.815 449.90 3.393 456.61 3.795 633.60 34.039 626.15 42.500 610.96 53.118
462.00 4.275 454.91 3.815 460.41 4.295 636.05 35.059 629.85 43.795 613.51 55.197
464.49 4.472 457.05 4.020 464.42 4.638 639.77 36.354 633.28 45.295 616.99 57.472
467.37 4.677 461.41 4.362 467.98 5.118 643.59 37.657 637.18 47.000 620.80 60.254
473.12 5.138 464.77 4.677 474.09 5.992 655.71 41.413 642.90 49.578
484.29 6.098 469.71 5.020 487.02 7.992 674.00 47.215 654.47 55.500
510.17 8.520 475.91 5.756 497.65 10.295 663.77 60.357

olkg-m~3 = 611.40 olkg-m~3 = 661.00 plkg-m~3 = 611.40 plkg-m~3 = 661.00
309.63 0.0388 309.71 0.039 448.09 3.197 443.22 4.736
340.03 0.257 339.92 0.251 451.61 3.354 470.02 12.874
366.75 0.550 366.84 0.551 455.59 3.854
392.17 1.029 391.83 1.025 459.27 4.559
419.36 1.874 418.15 1.824 462.90 5.138
433.00 2.315 426.79 2.197 467.76 6.059
436.40 2.578 430.05 2.374 473.59 7.216
440.22 2.854 433.62 2.597 485.65 10.059
444.25 3.078 437.86 3.578

olkg-m~2=84.77

305.25 0.037
335.06 0.203
360.16 0.442
365.75 0.520
373.02 0.651
379.67 0.687
382.22 0.715
389.69 0.831
401.81 1.030
427.15 1.433
452.35 1.893
478.06 2.539
501.66 3.578
525.51 5.020
549.42 6.529
555.19 6.952
561.05 7.303
563.55 7472
567.43 7.677
570.35 7.834
573.86 7.992

plkg-m3 = 211.62
309.71 0.040
338.05 0.221
366.41 0.518
392.31 1.059
417.76 1.795
443.71 2814
446.39 2972
447.61 3.019
450.44 3.138
453.12 3.314
454,91 3.393
458.11 3472
460.97 3.578
463.09 3.677
469.13 3.893
480.72 4.519
505.21 5.893
528.66 7.598
552.78 9.913

plkg-m~3 = 423.24
309.30 0.040
337.87 0.220
363.29 0.511
392.04 1.039
418.15 1.795
443.42 3.000
449.36 3.334
451.67 3.500
454.46 3.657
456.88 3.834
459.52 4.078
461.91 4.275
465.11 4.432
467.52 4.598
473.30 5.039
485.51 6.137
508.71 8.472

532.65 11.354

olkg-m~ = 127.00

309.59 0.040
340.03 0.245
366.47 0.548
373.32 0.657
376.02 0.696
379.14 0.741
381.84 0.799
384.42 0.831
386.71 0.883
389.66 0.940
392.65 1.000
394.65 1.051
397.89 1.138
400.05 1.197
402.67 1.275
405.19 1.315
408.08 1.393
411.61 1.500
416.98 1.638
429.74 1.933
455.20 2.520
olkg-m~ = 253.94
309.41 0.040
338.04 0.223
365.63 0.519
390.89 1.029
417.79 1.795
444.61 2.933
446.02 3.039
448.95 3.256
451.26 3413
453.45 3.539
456.18 3.677
458.46 3.795
460.95 3.854
463.36 4.000
467.71 4177
470.77 4.354
486.52 5.177
502.53 6.196
531.50 8.432
olkg-m~3 = 507.88
308.26 0.040
337.92 0.221
365.66 0.520
392.11 1.029
417.72 1.814
443.32 2,991
44591 3.157
449.15 3.393
451.17 3491
453.80 3.637
456.07 3.814
458.90 4.078
461.55 4314
464.03 4.472
468.99 4.854
481.49 6.098
506.77 9.295
527.80 12.500

x = 0.0967 mole fraction of n-CsHy»

olkg-m~3 = 169.30

309.72 0.040
337.86 0.215
365.12 0.517
392.22 1.037
396.66 1.157
403.36 1.315
408.10 1.452
411.14 1.559
412.70 1.610
416.45 1.757
418.17 1.795
421.32 1.952
422.71 2.000
425.25 2118
428.32 2.295
430.27 2314
432.85 2371
436.42 2452
438.65 2.539
441.80 2.657
454.62 3.039

olkg-m~3 = 338.59
309.25 0.040
338.01 0.222
365.69 0.523
391.98 1.029
417.92 1.756
444.50 2.933
449.47 3.295
452.14 3472
454.49 3.650
456.97 3.814
459.50 4.020
462.35 4.196
464.90 4.334
467.38 4.472
469.55 4.618
475.61 4.972
487.56 5.795
510.20 7.618
534.61 10.059

plkg-m~3 = 592.53
305.37 0.037
337.99 0.222
365.26 0.517
392.13 1.039
417.40 1.795
431.19 2.373
438.49 2.637
439.41 2.795
443.26 3.000
444.82 3.098
448.89 3.393
450.15 3432
452.69 3.618
456.01 3.814
457.50 3.932
459.65 4118
460.71 4.186
462.45 4.472

olkg-m~3=84.77

579.96 8.364
590.71 9.000
615.99 10.657
638.32 12.138
661.19 13.618
676.82 14.638

olkg-m~3 = 211.62

563.97 11.295
570.59 12.039
573.52 12.432
575.15 12.598
576.30 12.716
577.99 12.991
582.67 13.491
586.82 14.216
600.48 16.196
620.69 19.598
648.41 23.991
674.88 28.236

plkg-m~3 = 423.24

556.17 14.413
578.77 18.354
579.94 18.578
581.02 18.696
602.00 23.432
613.00 26.098
623.45 28.873
623.67 29.000
625.35 29.500
628.37 30.637
632.15 31.578
635.41 32.500
636.43 32.795
638.83 33.598
643.65 34.932
656.82 38.693
673.80 43.618

olkg-m~3=127.00

480.77 3.433
502.93 4.539
525.93 6.078
550.41 7.993
563.84 9.216
567.05 9.598
570.05 9.952
571.29 10.078
575.77 10.561
575.71 10.559
577.63 11.020
582.04 11.197
583.39 11.315
586.80 11.657
589.21 12.039
597.97 13.236
608.73 14.492
631.56 16.677
643.39 17.677
661.40 19.051
677.26 20.234
olkg-m~3 = 253,94
547.24 9.952
548.59 10.157
552.15 10.559
556.19 10.972
557.70 11.157
560.61 11.491
563.13 11.834
565.86 12.255
568.15 12.452
568.56 12.393
568.95 12.432
569.24 12.452
572.69 12.932
574.16 13.237
580.54 14.000
592.21 15.696
618.05 20.716
648.08 26.314
675.02 31.295
plkg-m~3 = 507.88
552.47 16.834
578.95 23.137
605.27 31.559
614.59 35.893
616.93 37.000
626.50 41.137
633.66 43.196
649.97 48.000
659.18 50.598
664.26 52.118

olkg-m~3 = 169.30

465.76 3511
478.28 4.127
503.16 5.472
527.40 7.031
548.90 9.137
562.39 10.393
575.85 11.559
578.01 11.932
580.77 12.334
583.16 12.696
585.82 13.137
586.92 13.255
595.43 14.334
621.67 17.991
642.57 20.952

olkg-m~3 = 338.59

547.63 11.500
550.84 11.834
553.36 12.196
557.34 12.736
566.79 14.196
590.74 18.098
591.55 18.314
604.95 20.736
618.41 23.578
622.36 24.295
626.67 25.393
629.28 26.031
631.09 26.118
634.16 27.598
642.94 29.696
654.82 32.452
674.73 37.236

plkg-m~3 = 592.53

468.99 5177
482.07 7.472
505.84 11.696
529.44 17.531
552.84 25.236
577.90 36.295
590.42 43.295
600.96 51.000
606.90 54.500
615.66 60.000
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Table 2. Continued

TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa
plkg-m~2 = 550.20 plkg-m~2=677.18 plkg-m~2 = 550.20 olkg-m~3 = 677.18

307.55 0.039 308.68 0.040 512.35 11.736

337.99 0.221 337.85 0.219 534.45 16.696

365.55 0.519 363.77 0.496 558.55 22.491

392.20 1.039 389.35 1.000 581.93 30.393

415.25 1.706 414.86 1.795 606.40 40.775

439.58 2814 433.31 2.696 619.04 47.039

446.00 3.177 437.32 3.196 623.39 48.991

448.36 3.334 441.52 3.854 626.17 49,334

450.85 3.578 44456 5.295 628.82 52.255

453.15 3.775 450.16 7.196 631.39 53.245

455.32 3.913 632.52 54.509

457.55 4.039 634.56 55.177

460.22 4.334 636.69 55.618

466.22 4.893 642.87 57.893

488.62 7.834 649.18 60.019

plkg-m~3=87.14

307.36 0.039
335.38 0.213
362.06 0.486
375.50 0.731
377.49 0.779
378.75 0.781
380.29 0.785
383.18 0.802
386.15 0.835
388.18 0.862
393.66 0.921
406.06 1.309
417.84 1411
430.65 1.723
442.66 1.905
454.19 2273
465.88 2.674
478.22 3.165
488.94 3.692

plkg-m 3= 261.40
307.61 0.037
334.63 0.215
360.56 0.497
387.86 0.962
412.66 1.675
438.65 2.665
450.55 3.381
451.57 3.391
453.19 3.424
456.26 3511
461.71 3.671
467.94 3.986
473.96 4.275
484.72 4.752
507.07 6.177
508.26 6.201
529.90 8.103

plkg-m~3= 522,90
309.78 0.041
336.49 0.245
362.93 0.497
389.42 1.035
414.20 1.701
438.27 2.663
462.77 4.305
465.14 4.374
467.79 4.521
471.27 4.834
478.14 5.526
489.00 6.585
511.90 9.101

plkg-m~3=89.21

309.79 0.049
340.63 0.251
351.48 0.362
358.35 0.431
364.89 0.511
370.86 0.577
374.72 0.631
379.11 0.671
383.87 0.706
388.15 0.749
394.44 0.801
407.58 0.938
433.42 1.256
457.71 2.667
482.46 3.795
506.79 5.295
530.90 7.059
552.59 7.696

558.65 7.991

plkg-m~3=174.28

309.49 0.040
334.05 0.196
360.35 0.469
373.70 0.695
381.05 0.835
387.36 0.980
388.79 1.021
392.55 1.111
395.76 1.183
400.66 1.289
405.95 1.478
419.77 1.893
442.94 2.501
466.29 3321
488.92 4.736
522.19 7.512
555.87 10.902
578.52 13.898
590.80 15.871
plkg-m~2 = 348,50
307.5 0.037
335.26 0.216
360.72 0.492
388.18 0.984
413.86 1.697
438.16 2.657
457.42 3.738
458.77 3.881
458.81 3.883
461.82 4.051
462.65 4.082
464.26 4.141
465.91 4.212
467.73 4.288
472.77 4.631
483.81 5413
508.12 6.893
plkg-m~2 = 609.97
314.32 0.044
334.15 0.232
362.99 0.483
389.20 1.031
41411 1.697
439.41 2721
451.52 3.377
458.39 3.834
461.09 4.059
464.09 4.481
466.46 4.657
472.64 5.138
483.61 6.425

plkg-m 3= 178.42

310.86 0.051
341.85 0.259
364.79 0.514
370.92 0.601
376.21 0.691
381.42 0.785
385.15 0.863
389.39 0.962
393.86 1.079
397.39 1167
399.88 1.255
405.72 1452
412.01 1.598
422.41 1.844
446.86 2.452
473.40 3.256
496.00 4.374
519.92 5.913
544.16 7.932

x = 0.075 mole fraction of n-CsH1»

plkg-m~2=217.80

307.39 0.037
334.49 0.215
362.09 0.501
375.02 0.726
387.36 0.995
388.03 1.001
391.55 1.098
393.46 1.147
399.36 1.295
406.19 1.472
412.65 1.677
416.06 1.795
418.45 1.859
418.86 1.874
422.41 2.021
425.21 2.108
429.40 2.275
436.27 2579
437.21 2.657

plkg-m— = 435.70
303.46 0.035
337.56 0.231
362.51 0.504
387.14 0.981
412.54 1.661
437.86 2.664
450.34 3.281
456.83 3.705
462.97 4.241
465.17 4.354
467.48 4.527
473.36 5.025
485.34 5.842
509.08 7.752
543.21 11.756
578.07 17.703
613.95 26.381

plkg-m~3 = 188.05
310.61 0.041
336.63 0.247
362.36 0.479
388.46 1.016
415.31 1.755
427.65 2.198
434.11 2481
439.88 2.756
446.15 3.098
452.32 3.387
452.50 3.393
454.85 3.736
455.70 3.933

plkg-m2=87.14

500.64 4.288
511.93 5.068
523.50 5.864
535.21 6.815
545.97 7.874
557.84 9.136
568.95 10.401
580.95 11.846
592.42 13.300
594.91 13.693
597.43 13.775
603.26 14.098
613.82 14.736
635.42 16.039
668.34 17.893

plkg-m— = 261.40

541.61 9.287
560.19 12.603
576.65 13.698
590.59 15.985
598.91 17.566
604.40 18.712
610.54 19.976
621.48 22.405
625.27 23.316
627.17 23.735
633.04 25.008
634.50 25.354
638.65 26.098
641.60 26.736
650.15 28.236
670.82 31.393
684.20 34.204

plkg-m~3 = 522.90
547.95 14.686
583.15 22.391
605.73 29.276
612.15 31.802
614.57 32.833
620.27 35.001
631.49 40315
654.70 50.452
675.51 59.923

x = 0.058 mole fraction of n-CsH1»

plkg-m 3= 267.21

310.21 0.050
345.65 0.331
366.21 0.565
393.05 1.078
397.78 1.186
400.87 1.275
404.56 1.413
405.51 1.452
412.37 1.657
415.31 1.755
420.79 1.972
426.05 2.157
429.55 2.314
433.05 2452
437.07 2.637
440.96 2.834
444,72 2972
447.85 3.078
454.71 3.334

plkg-m~3=89.21

561.91 8.255
564.48 8.795
567.80 8.581
569.49 8.669
571.65 8.795
574.73 9.019
577.49 9.314
583.96 9.932
594.55 10.952
613.57 12.432
645.13 14.432
645.27 14.472
674.83 15.874

plkg-m~3=174.28

596.55 17.388
602.65 17.899
607.52 18.787
613.31 19.992
618.05 20.559
626.89 21.433
636.46 22.638
648.91 24.039
674.73 26.849

plkg-m~3 = 348.50

543.26 10.401
577.86 15.022
612.81 22.273
618.54 23.752
624.25 25.247
630.61 26.805
635.97 27.716
641.75 29.216
647.35 30.598
664.45 35.157

plkg-m~3 = 609.97

507.45 9.806
543.15 17.644
578.62 28.736
601.83 29.057
623.15 52.786
625.86 54.436
628.09 56.477
629.65 57.001
632.37 59.338
634.58 61.324
634.66 61.333
636.94 63.039

olkg-m~3=178.42

546.40 8.147
556.59 9.137
563.45 9.795
569.25 10.472
570.59 10.598
575.10 11.098
582.79 12.049
584.71 12.255
587.95 12.795
592.07 13.354
596.15 14.059
599.75 14.374
602.75 14.893
607.59 15.893
623.30 18.696
652.55 22.874
675.72 26.129

plkg-m~3=217.80

439.49 2.691
442.04 2.754
449.65 2977
470.31 3.788
493.25 5.104
528.14 7.891
562.26 11.471
584.81 14.947
596.19 17.054
607.72 19.312
613.92 20.587
619.81 21.793
622.20 22.189
625.54 22.748
631.10 23.874
640.98 25.002
651.30 27.216
676.17 31.538

olkg-m~2 = 43570

619.93 27.861
622.67 28.783
625.95 29.697
629.47 30.433
633.06 31.138
638.59 33.157
650.18 36.854
661.82 40.697
675.50 45.049

olkg-m~3 = 188.05

458.35 4.334
462.05 5.177
474.25 7.765
497.40 14.338
520.84 22.913
542.75 33.286
579.30 54.939
592.82 62.866

plkg-m~3=267.21

466.15 3.775
487.97 4.834
512.64 6.433
535.78 8.137
558.45 10.393
589.45 14.334
593.96 15.078
598.76 15.795
603.10 16.578
606.95 17.393
613.40 18.354
617.28 19.078
620.90 19.874
625.45 20.795
628.92 21.492
632.68 22.275
649.95 26.098
674.50 31.326
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Table 2. Continued

TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa TIK P/MPa
olkg-m~3 = 356.80 olkg-m~3 = 446.05 olkg-m~3 = 535.26 olkg-m~3 = 356.80 plkg-m~3 = 446.05 plkg-m~3 = 535.26
310.66 0.051 310.63 0.051 310.56 0.050 573.08 13.598 615.51 24.818 586.55 24.255
339.11 0.252 339.15 0.252 339.08 0.252 596.31 17.539 628.99 28.736 595.27 26.677
365.81 0.565 367.02 0.571 366.62 0.571 601.37 18.501 634.10 30.539 602.02 29.098
391.62 1.059 393.83 1.078 392.97 1.059 611.81 20.393 638.68 32.059 604.66 30.000
417.67 1.854 421.42 1.932 417.67 1.854 614.79 21.078 642.10 33.393 611.73 32.736
431.06 2.393 434.42 2442 426.27 2.157 624.12 23.177 644.19 34.098 614.86 34.098
439.11 2775 439.10 2.736 452.21 3.559 627.26 23.785 650.28 36.874 616.21 34.677
441.40 2.874 451.00 3.452 458.34 4.000 630.85 24.492 651.68 37.137 620.55 36.492
446.61 3.196 461.15 4.216 462.55 4.334 634.96 25.647 661.35 40.893 621.59 37.157
451.15 3.500 417.15 4.539 467.59 4.755 638.05 26.736 674.86 46.255 623.05 37.874
455.25 3.755 467.58 4.618 469.94 4.972 641.04 27.775 624.56 38.696
459.79 3.992 468.89 4.736 474.16 5.354 643.13 28.137 628.65 40.598
462.79 4118 476.87 5.275 478.71 5.736 647.44 29.041 634.04 43.049
465.55 4314 504.75 7.432 488.77 6.736 652.21 30.236 640.37 46.196
477.31 4.932 530.67 10.59 509.35 9.059 653.16 30.716 648.90 50.098
501.86 6.539 554.45 13.196 536.14 12.992 656.34 31.598 660.49 55.295
527.09 8.598 580.00 17.137 555.19 16.354 665.50 36.737 671.17 60.196
551.60 10.893 606.50 22.559 577.81 21.834 674.52 34.157
olkg-m~3 = 579.87 olkg-m—3 = 624.45 olkg-m—3 = 713.68 olkg-m2 = 579.87 olkg-m = 624.45
310.55 0.050 310.59 0.050 403.89 1.354 474.79 5.834 578.92 34.893
339.15 0.253 339.05 0.252 416.50 1.893 485.31 7.000 602.20 48.696
366.59 0.571 366.65 0.570 427.42 2334 510.02 10.432 610.83 55.157
392.86 1.088 392.75 1.885 440.80 3.078 531.66 14.334 617.86 60.696
414.95 1.814 416.79 1.893 441.93 3.177 555.65 20.000
441.45 3.137 429.61 2.500 443.71 3.559 579.86 27.039
451.35 3.854 442.59 3.196 446.29 4.098 602.97 36.598
453.52 3.972 454.75 3.932 450.45 4.874 625.46 49.393
454.57 4.059 457.55 4.196 454.87 5.598 626.69 49.874
456.60 4.186 461.55 4.618 469.20 9.854 628.92 50.696
458.59 4.275 465.61 5.039 491.62 18.637 631.81 52.834
459.41 4.363 472.92 5.992 516.15 31.137 632.26 52.932
461.34 4.413 485.15 7.696 540.94 45.314 634.16 53.775
462.44 4.598 507.70 11.579 559.80 60.196 641.40 57.598
463.87 4.893 533.44 17.637 646.56 60.236
467.39 5.098 554.95 24.736

x = 0.027 mole fraction of n-CsHy,

plkg-m~3 = 94.20 plkg-m~3 = 188.40 plkg-m~3 = 282.65

310.36 0.050 313.93 0.0628 310.28 0.050

340.31 0.251 336.59 0.220 341.29 0.256

349.29 0.308 351.76 0.336 360.56 0.455

354.15 0.326 356.15 0.372 366.16 0.542

355.19 0.339 357.31 0.384 373.01 0.655

358.43 0.360 363.46 0.455 381.57 0.808

361.32 0.365 365.41 0.494 384.14 0.855

363.35 0.372 371.58 0.588 393.04 1.059

369.35 0.386 373.55 0.612 396.86 1.147

381.56 0.414 377.15 0.636 403.55 1.314

408.40 0.612 383.15 0.708 407.05 1.422

431.36 0.896 396.59 0.855 412.80 1519

458.61 1.472 421.42 1.137 416.36 1.588

484.03 2.255 447.59 1.578 421.33 1.716

507.24 3.374 470.32 2.255 433.14 1.991

531.74 4.893 495,52 3.314 459.45 2.736

554.65 6.913 518.22 4.677 485.26 3.736

556.09 7.039 542.51 6.578 507.49 4.893
olkg-m~3 = 376.87 olkg-m~ = 471.10

313.50 0.0617 311.63 0.0581

343.35 0.262 341.16 0.245

368.16 0.560 367.92 0.541

395.32 1.098 394.81 1.078

404.08 1.295 419.99 1.834

408.69 1.472 425.60 2.059

414.37 1.637 434.16 2432

420.15 1.834 438.71 2.677

424.59 2.019 446.35 3.039

430.74 2.196 451.47 3.314

435.41 2.373 457.46 3.637

439.28 2.519 462.77 3.913

450.55 2.972 474.64 4.472

477.16 4.039 500.38 6.118

502.33 5.432 521.85 7.814

531.29 7.452 544.74 9.913

553.71 9.472 567.95 12.893

Tables 3 and 4. Heating the three-phase (LLG) water +
n-pentane mixture can lead to three different sequences of phase
transitions, depending on thefill coefficient (ratio of the volume
of the mixture to the volume of the piezometer at ambient
temperature) or the average fill density (ratio of the mass of
mixture to the volume of the piezometer at ambient temperature)
and the n-pentane concentration in the initial mixture. The
“breakpoints’ on P—T isochors are the phase boundary data
(at the intersection of the phase boundary curve) connected with

plkg-m3 = 94.20 olkg-m3 = 188.40 plkg-m3 = 282,65

559.50 7.393 565.86 8.795 528.95 6.472
563.08 7.736 588.65 11.775 554.24 8.511
566.65 8.334 597.86 13.098 577.93 11.295
573.92 8.972 603.17 13.893 599.21 14.452
583.09 10.147 611.96 15.295 610.82 16.578
585.46 10.472 615.92 16.049 617.04 17.736
591.61 11.255 618.57 16.549 624.40 19.255
599.49 12.324 620.21 16.991 629.48 20.295
605.19 13.147 623.56 17.559 632.59 21.000
608.31 13.334 625.75 18.098 636.85 21.736
611.53 13.432 628.56 18.814 638.84 22.196
614.31 13.578 632.85 19.539 641.15 22.716
618.56 13.893 637.07 20.373 646.82 25.854
628.15 14.637 644.49 21.598 656.65 26.098
634.33 14.932 650.09 22.491 673.86 29.696
646.45 15.578 660.15 24.000
674.82 16.795 675.43 26.016
plkg-m~3 = 376.87 plkg-m~3 = 471.10
574.69 11.893 602.86 18.157
597.63 15.236 600.95 18.177
618.65 19.393 609.40 19.834
520.36 19.696 614.41 20.795
622.84 20.196 617.10 21.539
624.42 20.557 622.57 22.657
630.69 21.854 623.95 22,972
628.32 21.500 626.35 23578
631.29 21.952 628.06 24.098
632.78 22.216 630.07 24.736
535.34 22.736 633.93 26.098
644.55 25.295 637.75 27.500
651.20 27.216 642.65 29.098
653.69 27.873 656.93 34.157
657.56 28.972 674.71 40.657
674.83 33.736 620.77 22.295

621.59 22.539

liquid—liquid (LL), LG, or LLG phase transitions occurring in
abinary water + n-pentane mixture heated in a closed volume.
Two peaks or jJumpsin theisochoric heat capacity are aso often
found in the system water + n-alkanes mixtures at isochoric
heating.>*3" The following sequences of the phase transitions
are possible in the water + n-pentane mixture when the system
is heated isochorically:

1. At the highest average densities and high concentrations
of n-pentane, the liquid phase expands on heating and fills the
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Figure 7. Measured pressures as a function of temperature along the various
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Figure 8. Measured pressures as a function of density along the supercritical
isotherms for the selected concentration of 0.0967 mole fraction of n-CsH .
@, 661.19 K; O, 673.80 K; A, 648.18 K; A, 638.32 K; ----, smoothed
experimental curves.

entire vessel, while the vapor phase disappears. A transition
from three phases (LLG) to two phases (LL), (LLG < LL),
occurs, with a break P—T curve (or drop in heat capacity). A
transition from two-phase (LL) equilibria to one-phase (L),
(LL = L), takes place, at further isochoric heating of the mixture
at high pressures.

2. At the highest average densities and low concentrations
of n-pentane, before the thermal expansion causes the liquids
to fill the entire volume, the initially immiscible liquid water +
n-pentane mixture becomes miscible due to the positive tem-
perature coefficient of solubility typical for water + n-alkane
mixture. In this case, the first phase transition is the miscibility
of n-pentane in water in equilibrium with its vapor, (LLG <
LG), with a decrease in heat capacity as the number of phase
decreases. In this case the isochoric P—T break point is
pronounced very slightly (very weak). On further heating of
the two-phase (LG) mixture, the expanding liquid fills the entire
cell, while the vapor phase disappears. A transition from two-
phase (LG) to one-phase (L), (LG < L), takes place, with a
break of the P—T curves (decrease in heat capacity).

3. At the lowest average densities, heating increases the vapor
density, resulting in disappearance of the liquid phases. A
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Figure 9. Comparison of the present measured pressures with the data
reported by Abdulagatov et al.*>** along the selected near-critical isotherm
(B) and isotherm-isochore (A). @, this work; O, Abdulagatov et al.;'***®
—, smoothed experimental curves.

Table 3. Liquid—Gas Ps—Ts Phase Boundary Data for the H,O +
n-CsHi, Mixtures Derived from the Break-Point Technique Using
the Present PVTx Measurements

TgK Ps/MPa TgK PyMPa
x = 0.1380 mole fraction of n-CsH;, x = 0.0967 mole fraction of n-CsH,
569.20 8.880 567.15 7.700
573.83 11.200 577.15 10.902
590.69 14.334 582.82 12.614
597.39 17.315 590.20 14.547
604.31 18.051 599.51 17.115
615.26 23.354 624.82 29.411
623.17 30.922 626.47 40.470
629.30 44.413 633.15 54,715
635.82 61.255
x = 0.0270 mole fraction of n-CsHy, x = 0.1185 mole fraction of n-CsH»
606.15 13.315 564.56 8.836
629.52 19.014 573.47 10.801
634.78 21.501 592.88 13.912
637.17 23.092 606.83 17.574
635.73 23.854 612.56 20.247
630.31 25.912 619.08 24.000
625.52 27.718 622.57 30.066
622.05 37.634 628.49 43.900
x = 0.075 mole fraction of n-CsH;,  x = 0.058 mole fraction of n-CsH,
595.49 13.693 568.66 8.642
614.77 20.233 596.29 14.151
621.66 22.116 611.82 18.154
629.85 24.814 633.15 25.250
630.95 26.780 627.46 27.885
627.45 29.820 625.79 39.278
625.65 37.780 629.44 51.880
634.50 61.000

Table 4. Measured Values of P—T for the H,O + n-CsHj, Mixtures
along the Three-Phase (LLG) Curve

Te/K P c/MPa
412.55 1.704
438.22 2.775
449.63 3.544
460.35 4.352
463.85 4.575

transition takes place from three-phase (LLG) to two-phase
equilibria (LG), (LLG < LG), again with a break of the P—T
curve (drop in the heat capacity). A transition from two-phase
(LG) equilibria to one-phase (G), (LG < G), takes place, at
further isochoric heating of the mixture with a bresk of the P—T
curve.

All of these cases have been encountered in our PVTX
experiment for water—n-pentane mixture and in our previous
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Figure 10. Upper Ps—Ts phase boundary curves of the H,O + n-CsHy,
mixtures. @, x = 0.8620 mole fraction of water; O, x = 0.9730 mole fraction
of water; A, x = 0.9250 mole fraction of water; x, x = 0.9033 mole fraction
of water; B, x = 0.8815 mole fraction of water; O, x = 0.9420 mole fraction
of water. The solid curves are guides for the eye (smoothed curves).

PVTx and Cy experiments™ for the water—n-hexane mixture.
The first break point (or C, jump) marks the disappearance of
one of the liquid phases, and the second break (or Cy jump)
marks the disappearance of the liquid or vapor phase depending
on filling factor.

The filling factor (total density) is a very important for the
experimentally observing of break points. For example, when
approaching the critical isochore (see Figure 7), itisincreasingly
difficult to differentiate between the one- and the two-phase
regions, while for the isotherms far from the critical region, the
break points are very clearly pronounced. Near the critical point
the transformation from the one- to two-phase (or from two- to
one-phase) regions takes place without sharp changes (breaks)
of the slopes of the isochores. Therefore, the isochoric P—T
break-point technique is much less sensitive to a phase transition
in the critical region because the slopes of the P—T curves
change very little due to the small difference between the
densities of the phases in equilibrium. Conversely, the quasi-
static thermogram method®®° is more sensitive to determine
the phase-boundary properties than the P—T break-point tech-
nique, because in the critical region the isochoric heat capacity
jump is very large (diverges as ACy «< (T — T¢) ™, where oo =
0.11 is the universal critica exponent). At temperatures and
pressures far from the critical point, the P—T break-point
technique is preferred because the heat-capacity jump ACy is
small (therefore, changes in thermogram slopes are also small),
while the slopes of the P—T isochores exhibit breaks that are
sharp.

The isochore of 270 kg-m™2 for the concentration of x =
0.791 mole fraction of n-pentane intersects the phase-transition
tef’ﬂpe’dure at the UCEP (TUCEP = 463.85K and Pucep = 4.575
MPa), where the three-phase curve LL G intersects the lower L
= G critical curve (see Figure 2). Figure 10 shows the (Ps,Ts)
data at the LG phase boundary curve obtained on isochores
entering the two-phase region. These data are also presented in
Table 3. The qualitative comparison between the Ts—Ps data
reported by de Loos et al.® (the reported data presented only
graphically) and the present data for three selected concentra-
tionsis presented in Figure 11. As Figure 11 shows, in general,
the agreement between the present results and the data reported
by de Loos et al.® is satisfactory. We determined the phase-
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Figure 11. Comparison between the present derived values of liquid—gas
phase boundary (Ts,Ps) data and the values reported by de Loos et al.° @,
this work; O, de Loos et a.® (a) x = 0.862 mole fraction of water (x =
0.859, de Loos et a.%); (b) x = 0.9033 mole fraction of water (x = 0.908,
de Loos et a.); and (c) x = 0.973 mole fraction of water (x = 0.967, de
Loos et al.®). The solid curves are guides for the eye (smoothed curves).
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Figure 12. Intercept of the two- and one-phase P—T (isochoric break points)
for two selected isochores, p = 282.60 kg m ™ (left) and p = 376.87 kg-m 2
(right) at a concentration of x = 0.027 mole fraction of n-pentane.

transition pressures and temperatures by “straight” extrapolations
of the isochore behavior before and after phase transition occurs.
The phase-transition points were determined as the intersection
of the three-, two-, and one-phase P—T curves. Figures 12 and
13 show examples of liquid and vapor one-phase, two-phase,
and three-phase P—T data aong the three selected isochores
for two concentrations of 0.027 and 0.8898 mole fraction of
n-pentane. These figures show a detailed (expanded) view of
the P—T curve behavior in the various regions of the phase
diagram.

The same procedure was applied for the lower branch of the
two-phase (LG) Ts—Ps phase boundary and three-phase (LLG)
curves. Figure 14 shows lower liquid—gas phase boundary
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Figure 14. Three- and two-phase P—T phase boundary curves for the H,O
+ n-CsHy, mixtures at two selected concentrations. @, x = 0.8898; A, x =
0.8260; x, lower critical points for these concentrations (this work); O,
lower critical point data;” —, experimental smoothed liquid—gas phase
boundary curve (thiswork); -«-«-+- , three-phase (LLG) curve;'” ----, vapor-
pressure curve of pure n-CsHi, (Span and Wagner®); CP2, critical point
of n-CsHip; UCEP, upper critical end point (this work).

curves for the H,O + CsHi, mixture together with the three-
phase curve derived from the present PVTx measurements using
the break-point technique. The derived values of Ts and Ps have
an uncertainty of about (0.2 to 0.5) K and (0.1 to 0.2) MPain
the range far from the critical point and (1 to 2) K and (0.5 to
1.0) MPain the critical region, where the location of the break
pointsis unclear, respectively. Because the values of the phase-
transition temperatures (Ts) and pressures (Ps) were obtained
by graphical —ana ytical methods as isochoric break points, these
data have relatively large uncertainties in comparison with the
methods of direct measurements. The uncertainty of the
interpolating procedure far from the critical region is negligibly
small since the experimental P—T and P—x curves are very
simple (almost linear) and can be reproduced analytically with
high accuracy.

Critical Curye Data and the Kricheyskii Parameter. Using
the two-phase Ts—Ps phase boundary data, the values of the
critical properties of the binary H,O + n-CsH;, mixtures were
derived. The derived values of the critical parameters of upper
and lower critical curves are presented in Table 5 and 6 and
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Table 5. Upper Critical Curve of the H,0O + n-CsHj, Mixtures
Derived from the Present PVTx M easurements

x/mole fraction of n-CsHi, To/K Pc/MPa
0.1185 646.30 75.50
0.0967 629.95 49.70
0.0750 625.50 33.90
0.0580 627.05 27.10
0.0270 632.35 21.78
0.0000 647.10 22.15

Table 6. Lower Critical Curve of the H,O + n-CsHy, Mixtures
Derived from the Present PVTx Measurements

x/mole fraction of n-CsH, To/K Pc/MPa
1.0000 469.90 3.36
0.8898 467.93 3.70
0.8570 466.68 3.90
0.8260 465.45 417
0.7970 464.15 4,50
0.7910 463.85 4,57

shown in Figures 3 and 4 in the Tc—P¢, Tc—X, and Pc—x
projections together with the reported data. As one can see from
these figures, the derived critical temperatures and pressures
are in fair agreement with the data reported by other authors.
The present result is in satisfactory agreement with the
interpolated values calculated from the data by de Loos et al.®
and Brunner.” For example, the derived values of the critical
pressure (Pc = 75.50 MPa) and the critical temperature (Tc =
646.30 K) for the concentration of x = 0.115 mole fraction of
n-CsHy, are in satisfactory (within 1.4 MPa and 0.4 K)
agreement with the values 76.90 MPa and 646.7 K, reported
by de Loos et al.® for very close (0.118 mole fraction) to the
present concentration. Figure 9 shows the present P—x data for
the concentration dependence of the measured pressures along
the critical isotherm—isochore of pure water together with the
previous reported data by Abdulagatov et a.***> As one can
seg, the initial slope of the P—x curve (x — 0, the Krichevskii
parameter), derived from the present and reported data, at 139.03
MPa, isin satisfactory agreement with the value of 158.0 MPa
derived by Abdulagatov et al.”® from the critical curve data.
The Krichevskii parameter for this mixture also was reported
previously by several authors: Plyasunov and Shock* (181 +
30 MPa), Plyasunov and Shock®® (168 MPa), and Abdulagatov
et a.*® (198 &+ 40 MPa) using the critical properties data.
Krichevskii** derived the relation between the initial slopes of
the critical lines and the derivative (9P/9X)T.v.

aP\C dr.\¢ (dPS)C (dTC)C
(aX)VCTC [( ch)CRL dT cxc] dx /crL @)
where “cxc” and “cr.” subscripts are related to the vapor-
pressure and critical line curves, respectively. The regimes of
the near-critical dilute solution behavior depend strongly on the
signs and magnitudes of the initial slopes of the critical curves
of Te(X) and P¢(X) and on the slope of the vapor-pressure curve
(dP</dT)&xc at the critical point of the pure solvent (water), that
is, the magnitude and sign of the Krichevskii parameter, (oP/
X)F.v.-* The vaue of the derivative (dPg/dT)&c = 0.2682
MPa+K ™! for pure water is calculated with the vapor-pressure
equation (IAPWS formulation, Levelt-Sengers™®), and the slopes
of the critical curves T¢(X) and Tc—Pc are from the measured
and reported data. The value of (dP/dTc)cre = —0.0406
MPa-K ™1 for H,O + n-CsHy, at the critical point of pure water
is lower than the value of the vapor-pressure curve (dPs/dT)Exc
for water at the critical point (see Figure 3). Therefore, as one
can see from eq 4, the value of the Krichevskii parameter of
H,O + n-CsH;, is positive because the value of the derivative
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(dTo/dX)crL < O is negative. The value of the derivative (dT¢/
dX)x=0 = —466.67 K at infinite dilution (x — 0) calculated from
the present and the reported data were used to determine the
value of the Krichevskii parameter for the H,O + n-CsHy,
mixture. Our result for the Krichevskii parameter calculated with
eq 4is (144.11 + 5) MPa. This means that when exchanging a
solvent (water) molecule by one solute (n-CsHy,) molecule at
constant volume and temperature, the local density of water
molecules around the n-CsH;, molecule is decreasing compared
with the ideal mixture or bulk density of pure water. Therefore,
a dilute H,O + n-CsHy, mixture is a “repulsive’” mixture
according to the classification by Levelt-Sengers®™ and Debene-
detti and Mohamed.*” The value of the Krichevskii parameter
derived from the present and reported critical curve data (144.11
MPa) is excellent agreement with the value (139.03 MPa)
derived from the direct P—x measurements along the critical
isochore—isotherm of pure water.

Conclusions

New measurements of the PVTx properties of the H,O +
n-CsHy, mixtures were reported along 66 liquid and vapor
isochores from (63 to 713) kg-m~2 as afunction of temperature
in the range from (303 to 684) K at pressures up to 63 MPa.
These regions include upper and lower branches of the critical
curves, the three-phase line, and LG, LL, and GG phase
equilibrium curves. The measured data were used to determine
the values of the three-phase (LLG) and two-phase (LG) phase
boundary properties (Ts,Ps) and the critical parameters (Tc,Pc)
of the H,O + n-CsH;, mixtures. The values of the upper critical
pOi nt parametei’s (TUCEP = 463.85 K, Pucer = 4.575 MPa, and
the concentration x = 0.791 mole fraction of n-pentane) are
derived from the three-phase (LLG) curve data. The value of
the Krichevskii parameter calculated using the critical line data
(144.11 £+ 5 MPa) and the direct P—x data along the critical
isochore—isotherm of pure water (139.03 MPa) was obtained.
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