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PVT Measurements for Pure Ethanol
in the Near-Critical and Supercritical Regions
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The PVT properties of pure ethanol were measured in the near-critical and
supercritical regions. Measurements were made using a constant-volume pie-
zometer immersed in a precision thermostat. The uncertainty of the density
measurements was estimated to be 0.15%. The uncertainties of the tempera-
ture and pressure measurements were, respectively, 15mK and 0.05%. Mea-
surements were made along various near-critical isotherms between 373 and
673K and at densities from 91.81 to 497.67kg-m~3. The pressure range
was from 0.226 to 40.292 MPa. Using two-phase PVT results, the values of
the saturated-liquid and -vapor densities and the vapor pressure for tempera-
tures between 373.15 and 513.15K were obtained by means of an analytical
extrapolation technique. The measured PVT data and saturated properties
for pure ethanol were compared with values calculated from a fundamental
equation of state and correlations, and with experimental data reported by
other authors. The values of the critical parameters (7c,Pc,oc) were derived
from the measured values of saturated densities and vapor pressure near the
critical point. The derived values of the saturated densities near the critical
point for ethanol were interpreted in term of the “complete scaling” theory.

KEY WORDS: coexistence curve; critical point; equation of state; ethanol;
saturated density; vapor pressure.

1. INTRODUCTION

Although ethanol is a common substance and often used for technologi-
cal and scientific applications, its thermodynamic properties have not been
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very well studied, especially at near-critical and supercritical conditions.
Ethanol is a very interesting compound as a constituent of binary mix-
tures because of its high polarity (highly associated fluid, gas-phase dipole
moment at normal boiling point (NBP) is 1.6909 D), and high acentric
factor (w =0.644). Therefore, the thermodynamic properties of mixtures
where ethanol is one of the components are governed by hydrogen bond-
ing which, in contrast to physical interactions, is short-ranged and highly
directional. Mixtures of ethanol with other fluids form highly nonideal
systems, for example, excess molar properties and critical lines for eth-
anol solute mixtures exhibit unusually large deviations from ideal mix-
ture behavior. Ethanol is also used as a polar co-solvent in supercritical
fluid technologies to enhance the solubility of a solute and to improve
the selectivity of the supercritical solvent (effective polar modifiers) [1-8].
Ethanol can be used as a renewable bio-fuel. Therefore, the design of
technological equipment utilizing ethanol requires an accurate knowledge
of its thermodynamic properties. Due to its high polarity and strong self-
association, ethanol has a complex structure and is a challenge to study
both experimentally and theoretically. We do not have a sufficient under-
standing of microscopic properties of associated fluids including the nature
of hydrogen bonds and their effect on thermodynamic properties. A deeper
understanding of the structure and nature of hydrogen bonding fluids and
their effect on the thermodynamic behavior will lead to marked improve-
ments in important practical applications in the environmental, mechani-
cal, chemical, biological, and geothermal industries.

A survey of the literature reveals that measurements of the thermo-
dynamic properties of pure ethanol in the near-critical and supercritical
regions are very scarce. Moreover, the available experimental data in the
critical region show large discrepancies. Available information on the crit-
ical properties of ethanol and saturated densities near the critical point is
somewhat sparse and is variable in quality. For example, the differences
between critical parameters (7c,Pc,poc) reported by different authors are
as much as 14.3K, 5.93MPa, and 57.7kg-m~3, respectively. The differ-
ences between the reported values of saturated-liquid and -vapor densities
in the critical region are as large as 20-50%.

1.1. PVT Measurements in the Critical and Supercritical Regions

Most reported experimental data for the density of pure ethanol cover
the temperature range below 373 K. PVT properties of pure ethanol above
373K and at high pressures were reported by several authors [9-15]. Sau-
ermann et al. [13] reported PV'T properties of ethanol (99.8 vol% purity) in
the temperature range from 263 to 483 K and at pressures up to 57 MPa.
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Measurements were made with a vibrating tube technique. The maximum
uncertainty in density measurements is 0.06%. Lo and Stiel [12] used a
constant-volume method to measure the density of ethanol (99.95mol%)
in the temperature range from 473 to 623K and at pressures up to
69 MPa. The uncertainty of the measurements is 0.4%. The measurements
by Tamann and Riihenbeck [14] cover a temperature range from 293 to
673K and a pressure range from 0.04 to 96 MPa. Kalafati et al. [11]
employed a constant volume piezometer to measure the density of etha-
nol (96vol% purity) in the temperature range from 423 to 573K and at
pressures up to 20 MPa. The uncertainty in the specific volume measure-
ments is within 0.1-0.3%. Golubev et al. [9] and Zolin et al. [10] reported
the densities of liquid ethanol (99.89%, 0.07% H;O and 0.04% organic
compounds) in the temperature range from 194 to 571 K and at pressures
up to 50 MPa. Measurements were performed with a hydrostatic weigh-
ing method. The uncertainty in density measurements is about 0.1% at
high densities (above 300kg-m~3) and 0.3% at lower densities. Using an
extrapolation technique, the values of saturated liquid densities were deter-
mined in the temperature range from 194.7 to 506.4 K. Popov and Malov
[15] measured the densities of ethanol in the temperature range from 273
to 473K and at pressures up to 30 MPa by using two cylindrical piezom-
eters (with volumes of 10.903 and 11.019cm?) inserted in a high precision
thermostat. The uncertainty in density measurements is about 0.5%.

1.2. Vapor Pressures and Saturated-Liquid and -Vapor Densities

Vapor-pressure data for pure ethanol at high temperatures (above
373K) were reported by various authors [10,11,13,16-31]. Saturated-
liquid and -vapor densities for ethanol (above 373 K) were also reported
[10,11,13,21,27,3240]. Very limited data are available for the saturated
vapor of ethanol. Only six data sources were found for saturated vapor
densities [10,21,27,37-39] in the critical region. Vapor pressures and sat-
urated-liquid and -vapor densities for ethanol in the critical region were
reported by Mousa [27], but the measurements are unreliable. Other ther-
modynamic properties such as the isochoric heat capacity [37,39-42],
sound speed [43], and enthalpy [31,44,45] of pure ethanol in the critical
and supercritical regions were also reported.

1.3. Equation of State and Correlations

A fundamental equation of state for the Helmholtz energy A(V,T)
of pure ethanol is reported by Dillon and Penoncello [46]. This equation
of state represents the thermodynamic properties of pure ethanol in the
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temperature range from 250 to 650K at pressures up to 280 MPa and
densities to 893.73kg-m~>. The uncertainty of the calculated values of
density is 0.2%, and that of the saturated pressure and saturated density
is 0.5%. Ambrose and Walton [22] developed an equation for the vapor
pressures of pure ethanol. Cibulka [47] reported a correlation equation
for saturated-liquid densities of pure ethanol. This correlation reproduced
experimental values of the saturated-liquid densities in the temperature
range from the normal melting point (159K) to 508.2K with a stan-
dard deviation of 0.161%. A Storbridge-type equation of state for ethanol
was also developed by Sauermann et al. [13]. They also reported a Wag-
ner-type vapor-pressure equation for ethanol. A low-temperature (below
490 K) correlation for the saturated-liquid density was developed by Hales
and Ellender [32].

1.4. Critical Parameters

Polikhronidi et al. [37] and Gude and Teja [48] have reviewed the crit-
ical properties (Tc,Pc,poc) of pure ethanol. A large scatter of the avail-
able critical parameter values of ethanol is found in the literature. An
analysis of the reported values of the critical parameters for pure ethanol
reveals that all of the reported data for the critical temperature lie between
506.9 and 521.2K, the critical density between 228.3 and 286kg-m~3,
and the critical pressure between 6.1309 and 12.06 MPa. Recently Polikh-
ronidi et al. [37] reported values of the critical temperature and critical
density for ethanol from calorimetric (Cy) measurements in the critical
region. The results are pc =282.33+2kg-m—> and Tc=514.44+0.02K.
These critical parameters are close to the values (pc =275+ 2kg-m—3,
Tc =514.0£0.2K, and Pc =6.137 £0.02 MPa) recommended by Gude
and Teja [48]. The recommended values of Dillon and Penoncello [46] are
pc=276kg-m=3, Tc =513.9K, and Pc =6.148 MPa. A majority of the
published values for the critical temperature for ethanol lie between 513.9
and 516.7K, the critical density lies within 275-277kg-m™3, and the crit-
ical pressure between 6.13 and 6.40 MPa. This is one of the reasons why
reported saturated-liquid and -vapor densities show large discrepancies (up
to 50% and more for the saturated vapor and up to 10-20% for saturated-
liquid densities) in the critical region.

Thus, the main objective of this paper is to provide accurate PVT
data in the critical and supercritical regions, the phase boundary (Ps,7s,0s),
and critical properties (7c,Pc,oc) data for ethanol. The present measure-
ments focused on the temperature range from 373 to 673 K, at pressures
up to 40MPa and densities from 91.81 to 497.67kg-m~3. The present
results expand considerably the existing PVT database at near-critical and
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supercritical conditions for pure ethanol. We also provided a comprehen-
sive analysis of all available experimental PV'T data sets, and saturated and
critical property data for pure ethanol by detailed comparisons to deter-
mine the reliability of published data and correlations. This work is a part
of a continuing program on volumetric (PVT) and caloric (CyVT) prop-
erty measurements of alcohols and their aqueous solutions in the critical
and supercritical regions. The present PV'T apparatus has been previously
used for accurate measurements on other pure fluids and aqueous solu-
tions in the critical and supercritical regions (Abdulagatov et al. [49-53],
Bazaev et al. [54-58], and Rabezkii et al. [59]).

2. EXPERIMENTAL PROCEDURE

The apparatus used for PVT measurements of ethanol is similar to
that used in previous papers [49-59] to measure PV T properties of pure
methanol, n-alkanes, and their aqueous solutions in the critical and super-
critical regions. Detailed descriptions of the apparatus and the experi-
mental procedure, and uncertainty assessment have been described in our
previous publications [49-59]. The measurements were made using the
constant-volume method, with an extraction of the sample from the pie-
zometer under isothermal conditions. The inner volume of the piezometer
was calculated by taking into consideration corrections of the elastic pres-
sure deformation and thermal expansion. The internal volume of the pie-
zometer was previously calibrated by filling it with pure water. The volume
of the piezometer Vr,p, =m(H,0)/p(H,0) at temperature Ty =673.15K
and pressure Py=38.35 MPa was calculated from the well established (IA-
PWS-95 formulation, Wagner and Pruf3 [60]) density p(H,O) and mass of
the water m(H,0O). The derived value of the volume at these conditions
was Vr,p, =(32.56+0.02) cm?. Tt is necessary to know the volume of the
piezometer, Vpr at a given temperature 7 and pressure P, for the pur-
pose of calculating densities po(T, P) =m/Vpp. Variations of the piezom-
eter volume Vpp with temperature T and pressure P were calculated by
using the thermal expansion coefficient of the piezometer material, o =
1.56 x 107> K~!, and the pressure expansion coefficient of the piezometer,
B=3.51x107>MPa~!. All masses were determined with an uncertainty of
5% 10~*g. The volume of the piezometer at a given temperature 7 and
pressure P was measured with an uncertainty of 0.01-0.02%.

The fluid under study was thermostated in a double-wall air bath.
The fluid temperature (ITS-90) was measured with a 10 Q platinum resis-
tance thermometer (PRT-10). The maximum uncertainty in the measured
temperature was 15mK. The temperature inside the thermostat was main-
tained uniform within 5mK with the aid of guard heaters located between
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the thermostat walls and regulating heaters, which were mounted inside
the thermostat [61]. The pressure of the ethanol in the piezometer was
measured with a dead-weight oil gauge with an estimated uncertainty of
0.05%.

The present experimental apparatus had negligible noxious volumes
[58]. Taking into account the uncertainties of measurements of tempera-
ture and pressure, the combined expanded (k=2) uncertainty of measur-
ing the density was estimated to be 0.15%. The reproducibility of the data
corresponding to repeated (P, T) is better than £0.1%. To check and con-
firm the accuracy of the measurements, PVT measurements were made
on pure water in the critical and supercritical regions. Table I provides
the present experimental PVT data for pure water measured using the
same experimental apparatus. As one can see from Table I, the agreement
between test measurements for pure water and IAPWS [60] formulations
is good, the absolute average deviation is AAD =0.23%. This good agree-
ment demonstrates the reliability and accuracy of the present PVT data
for pure ethanol. The commercial supplier of the methanol provided a
purity analysis of 99.8 mol%.

3. RESULTS AND DISCUSSION

Measurements of the PVT properties for pure ethanol were per-
formed in the temperature range between 373 and 673K and at pres-
sures from 0.226 to 40.292MPa. The density ranged from 91.81 to

Table I. Test Measurements of the Density of Pure Water (AAD =0.23%)

p (kg-m~3) p (kg-m~3) Deviations
T (K) P (MPa) [This work] IAPWS [60] (%)
573.15 5.663 25.67 25.69 —0.08
623.15 6.417 25.61 25.59 0.08
673.15 7.124 25.55 25.52 0.12
623.15 12.890 64.93 65.20 —0.41
653.15 14.310 64.94 65.12 —0.28
673.15 15.210 64.88 65.08 —0.31
653.15 21.384 147.09 146.9 0.13
673.15 24.255 152.08 152.8 —0.47
653.15 23.534 276.62 276.0 0.22
653.15 25.227 458.02 458.7 —0.15
673.15 33.916 458.45 459.6 —0.25
653.15 26.552 488.43 490.2 —0.36

673.15 36.205 488.80 489.3 —0.10
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497.67kg-m~3. The experimental temperature, density, and pressure values
for pure ethanol are presented in Table II and shown in Figs. 1-3
in P-p and P-T planes along the various near-critical and supercriti-
cal isotherms and quasi-isochores. These figures include also the values
of PVT calculated with the fundamental equation of state by Dillon

Table II. Experimental Values of the PVT Properties of Pure Ethanol Along Near-Critical
and Supercritical Isotherms

p (kg-m=) P (MPa) p (kg-m~3?) P (MPa) p (kg-m~) P (MPa) p (kg-m~3) P (MPa)

T =523.15K T=573.15K T=598.15K T=623.15K
183.48 6.896 183.03 10.531 268.76 15.360 182.58 13.905
229.90 7.053 229.90 11.753 275.40 15.638 228.74 16.019
284.72 7.241 284.72 13.124 298.43 16.553 283.27 18.927
338.77 7.505 338.77 15.106 298.42 16.550 336.99 22.541
396.85 8.198 396.85 18.056 327.82 18.187 394.68 28.485
462.15 10.95 462.15 24.481 - - 459.51 39.211
325.46 7.450 324.61 14.445 - - 150.13 12.169
276.57 7.206 275.87 12.868 - - 268.41 18.031
189.75 6.922 189.28 10.658 - - 275.04 18.476
386.40 8.029 385.36 17.431 - - 298.03 19.706
138.64 6.564 138.30 9.119 - - 298.03 19.708

- - - - - - 327.39 21.748

T=673.15K T=373.15K T=423.15K T=473.15K

91.806 9.6710  271.76 0.226% 126.23 0.9782 126.23 2.9782
267.73 23.941 301.79 0.225% 196.43 0.980% 196.43 2.9702
- - 338.61 0.227% 230.17 0.984% 230.17 2.965%

- - 430.89 0.224% 278.12 0.985% 278.12 2.9722

- - - - 306.37 0.986% 306.37 2.973%

- - - - 320.42 0.988¢ 320.42 2.967%

- - - - 334.39 0.982% 334.39 2.9812

- - - - 342.30 0.987¢ 342.30 2.9832

- - - - 386.74 0.985% 386.74 2.968%

- - - - 497.67 0.983¢% 497.67 2.967%

T=548.15K T=533.15K T=518.15K T=51515K
269.44 9.9710 92.420 5.899 92.487 5.417 150.922 6.189
276.09 10.080 150.79 7.290 150.90 6.379 269.899 6.288
299.20 10.400 206.81 7.819 269.85 6.630 276.556 6.289
328.67 10.959 374.71 9.601 276.51 6.642 299.713 6.302
335.71 11.212 - - 329.18 6.752 299.706 6.303
427.14 14.904 - - 336.23 6.781 325.597 6.322
269.44 9.9710 - - 375.01 6.988 276.685 6.301

- - 427.85 7.939 189.831 6.278
- - 386.569 6.574
- - - - - - 138.699 6.093
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Table II. (continued)

p (kg-m~?) P (MPa) p (kg-m™>) P (MPa) p (kg-m™) P (MPa) p (kg-m~>) P (MPa)

T=503.15K T=513.15K T=508.15K T=511.15K
92.554 4915 150.94 6.053 207.06 5.584% 269.94 5.858%
151.01 5.148* 269.92 6.085% 269.99 5.580% 276.61 5.857%
207.12 5.1422 276.58 6.086% 276.65 5.599% - -
270.05 5.146% 299.74 6.087% 329.35 5.5832 - -
276.72 5.143% 329.26 6.089% 336.40 5.585% - -
329.43 5.147% 336.32 6.0832 375.20 5.579% - -
336.49 5.149% 375.10 6.118 - - - -
375.29 5.149% 427.96 6.821 - - - -
428.19 5.168* - - - - - -
T=493.15K T=498.15K T=653.15K T=647.15K
92.599  4.319% 270.12 4.718% 91.893  9.1410 205.64 16.675
207.22 4.315% 276.79 4.723% 205.58 17.126 268.09 20.369
300.04 4.317% 299.96 4.731% 274.63 21.519 274.71 20.921
- - 329.51 4.707% 297.57 23.529 297.67 22.483
- - 336.57 4.707% 326.88 26.102 - -
- - 375.39 4.716* 372.32 31.184 - -
- - - - 424.66 40.292 - -
T=613.15K T=553.15K T=52815K T =516.15K
205.98 14.190 92.33 6.528 276.37 7.801 206.98 6.364
373.12 23.812 206.60 9.526 269.71 7.760 299.70 6.425
425.61 29.869 - - - - - -
T=517.15K T=398.15K T=512.15K T =543.15K
299.68 6.554 301.42 0.495% 207.02 5.954 92376  6.211
- - 331.11 0.497% - - - -
T=563.15K T=618.15K T=638.15K T=521.15K
92.288  6.805 92.046  8.359 91.959  8.910 206.93 6.800
T=583.15K - - - - - -
206.29 11.872 - - - - - -

4 Two-phase values

and Penoncello [46] and the data reported by other authors (Fig. 3).
The experimental and calculated values of the compressibility factor Z =
PV/(RT) as a function of pressure P are given in Fig. 4. This figure
demonstrates the good mutual consistency of the measured values of tem-
perature T, pressure P, and specific volume V for each thermodynamic
state (P,V,T) and the results of calculations using the Dillon and Pe-
noncello [46] equation of state. Figure 5 shows the measured values of
PVT in the two-phase region (sub-critical region, along the sub-critical
isotherms). In order to determine the values of saturated densities and
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Fig. 2. Measured values of pressure of ethanol as a function of temperature along the
various near-critical isochores together with values calculated from the Dillon and Penon-
cello [46] fundamental equation of state.

pressures, the two-phase experimental isotherms were analytically extrapo-
lated to the vapor-pressure curve. Figure 6 demonstrates also the isother-
mal break-point technique to determine values of the saturated property
from P-T measurements in the two- and one-phase regions. The satura-
tion properties were determined as the intersection of the two-phase and
one-phase P-T curves (see Fig. 6). The saturated-liquid and -vapor den-
sities and vapor-pressure data extracted from these two-phase PV T mea-
surements are summarized in Table III and presented in Figs. 7 and §
together with reported data and values calculated with the Dillon and Pe-
noncello [46] equation of state and correlations by other authors.

3.1. Comparisons with Other Data

The PVT data of ethanol measured in this work were compared with
values reported by other authors. Detailed direct comparisons of the pres-
ent PVT data with the equation of state (EOS) by Dillon and Penoncel-
lo [46] and other reported data are shows in Figs. 1-4. The deviations
between the present measured densities and the values calculated from Dil-
lon and Penoncello [46] EOS are given in Fig. 9 as a function of pressure
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Fig. 3. Comparison of the present experimental pressures for ethanol with data reported
by other authors and calculated from the Dillon and Penoncello [46] fundamental equa-
tion of state.

for various measured isotherms. The agreement between the present data
and the values of density calculated with the Dillon and Penoncello
[46] EOS is satisfactory (AAD =0.49%, Bias=0.069%, St.Dev.=0.58%,
St.Err. =0.067%) in the temperature range below 650 K where the EOS
is applicable. Extrapolated to higher temperatures (out of the range of
validity of the EOS, above 650K), the values of density calculated with
the EOS deviate from the present data within 2.19% with a maximum
deviation of 5%. In the immediate vicinity of the critical point (within
Tc £3K), the discrepancy between the measured and calculated values of
density varies from 2.3 to 2.7%. The deviations between measured and cal-
culated values of pressure are within 0.3% at low temperatures, while at
high temperatures the deviations increase to 2%, and in the extrapolation
range (above 650 K), the deviations are about 3-5%.

Detailed comparisons between the present data for vapor pressure
and saturated density and the results reported by other authors and
calculated with various correlations are presented in Tables IV-VI. As one
can see from these tables, the majority of the reported and correlated
data deviate from the present values of vapor pressure within 0.33-0.61%.
Good agreement with an AAD =0.4% is found between the present data
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Fig. 4. Compressibility factors, Z= PV/(RT), of the ethanol as a function of pressure
P along the supercritical isotherms together with values calculated with the Dillon and
Penoncello [46] equation of state.

and the values calculated from the EOS of Dillon and Penoncello [46].
Good agreement within 0.33% is also found between the present data and
those reported by Dedk et al. [16]. Large differences up to 2.16 and 5.0%
are found for the vapor pressures reported by Zolin et al. [10] and Mousa
[27], respectively.

Details of comparisons between the present saturated-liquid and
-vapor-density data and results reported by other authors and calcu-
lated with various correlations are given in Tables V and VI. Basically
the agreement between the present data and the most reliable reported
results from the literature is good, except for the data reported by Mousa
[27] (AAD =14%) and the data by Skaates and Kay [21] (AAD = 3.42%).
These tables show that our data are consistent with most reported val-
ues. Excellent agreement with AADs of 0.09, 0.13, and 0.25% is observed
between the present measurements and the values of saturated-liquid den-
sities reported by Sauermann et al. [13] and calculated from the EOS by
Dillon and Penoncello [46] and correlation of Hales and Ellender [32],
respectively. The measurements by Costello and Bowden [36] deviate from
the present values within 0.23%. The data of Zolin et al. [10] and the
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(—), Dillon and Penoncello [46]; (— — — —), coexistence curve [46].

correlation by Cibulka [47] show deviations within 0.89% and 0.80%,
respectively. The saturated temperature data in the critical region reported
by Gasanov [39] are systematically higher (by 7-8K) than the present
and other published data. Relatively large deviations are found between
the present measurements of saturated-vapor densities and reported data
and correlations. The values of saturated-vapor density calculated with the
EOS by Dillon and Penoncello [46] deviate from the present data within
0.58%, while the data of Mousa [27] and Skaates and Kay [21] show devi-
ations up to 13.9 and 22%, respectively. The measurements by Costello
and Bowden [36] for the saturated vapor-density deviate from the present
data within 2.8%.

The shape of the coexistence curve in the critical region for ethanol
reported by various authors from the literature together with the present
results is depicted in Fig. 10. This figure contains also the values of sat-
urated densities derived in our calorimetric experiments [37] in the criti-
cal region. A large scatter (up to 10K for the saturated temperature and
50% for the saturated density) of the various data sets and correlations is
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Fig. 6. Intercept (isochoric break points) of the two- and one-phase isochores for
ethanol.

observed near the critical point (see Fig. 10). The same character of devi-
ations is found also for the reported critical temperatures and the critical
densities (see Section 3.2). As one can see from this figure, the most prob-
able values of the critical temperature and critical density of ethanol lie
between 514.0 and 514.7K and between 273 and 283 kg-m~3, respectively.
Probably this relatively large range is due to impurity and thermal decom-
position effects on the measured properties at high temperatures.

3.2. Critical Parameter Determination

The derived values of the saturated densities and pressure near the
critical point were used to estimate the critical parameters for pure
ethanol. Figure 11 shows the density differences (saturated-liquid and -
vapor densities), Aps = pg — pg, at saturation as a function of tempera-
ture in the critical region. This figure also includes the measured data for
Aps reported by Costello and Bowden [36] and by Young [73]. The fit-
ting procedure was used to calculate the values of the critical parameters
(Tc and pc) for ethanol. In order to estimate the value of the critical tem-
perature, the values of Aps=pg—pg were analytically extrapolated to zero
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Table III. Temperatures, Pressures, and Densities at Saturation for Pure Ethanol

Ts (K) Ps (MPa) ps (kg-m~?) pg (kg-m™3)
373.15 0.226 712.93 3.7500
398.15 0.498 - -
423.15 0.983 647.87 15.230
473.15 2.945 555.23 50.010
493.15 4315 495.58 80.510
498.15 4.715 476.56 91.690
503.15 5.145 453.07 104.99
508.15 5.583 420.33 124.47
511.15 5.860 392.86 140.95
512.15 5.954 - -
513.15 6.085 361.08 160.00

(Aps — 0, where the densities of the liquid and vapor become identical)
using a scaling-type equation (see below). The optimal value of the tem-
perature when Aps=0 (where the difference between the liquid and vapor

510
480 - °
o
B <
Ethanol o
450 - o
o This work ©
[ —— Dillon and Penoncello [46]
----Cibulka [47]
420 o X Critical point (this work)
Y A Hales and Ellender [32]
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|l ©  Mousa[27]
O Kalafati etal. [11]
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o Polikhronidi et al. [37]
v Takiguchi et al. [28]
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Fig. 7. Comparisons of the present saturated-liquid and -vapor densities for ethanol
with data reported by other authors from the literature and calculated with various cor-
relations.
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Table VI. Comparison of Saturated-Vapor-Density Measurements of Ethanol with Selected
Literature Values

Dillon and Kalafati Skaates and Fiock Costello and
Penoncello et al. Kay et al. Bowden
Ts (K) This work [46] [11]  Mousa [27] [21] [30] [36]
373.15 3.7500 3.5300 - - - 3.602 3.602
423.15 15.230 14.973 14.580 31.180 - - -
473.15 50.010 49.801 47.664 59.580 - - 50.8
493.15 80.510 80.488 - 99.110 89.70 - -
498.15  91.690 91.770 - 111.79 104.3 - -
503.15  104.99 105.85 - 114.97 122.6 - -
508.15 124.47 124.96 - 120.96 149.3 - -
511.15  140.95 141.68 - 141.21 187.3 - -
513.15  160.00 158.84 - 193.25 212.6 - -
AAD (%) 0.0 0.58 13.90 21.70 4.1 2.8

phases vanishes), was accepted as the critical temperature for ethanol. The
derived value of the critical temperature is 514.71 £0.2 K. Because the iso-
thermal compressibility of the fluid is infinite (K7 — +00) at the critical
point, it is difficult to accurately measure the critical density directly. To
calculate the value of the critical density pc the values of the saturated
density pg were fitted to the “complete scaling” relation [62,63],

Ap==+Bot? £ BjtP+2 + Byt — Bat + Byt*P, (1)

where Ap = (p—pc) /pc; pc is the critical density (considered as an
adjustable parameter); t = (Tc —T) /Tc; Tc =514.71 £ 0.2K (the critical
temperature is derived as described above); 8 =0.324, « =0.11, and A=
0.51 are the universal critical exponents; and B;(i =0, 4) are the adjustable
critical amplitudes. A Yang-Yang anomaly of strength R, =A,/(Ap+A,)
effect on the coexistence curve diameter is given by [62,63]

pa=1+ (Bzzl—“ Byt B4t2ﬂ) , )

where pg= (p§+p/s/) /2pc is the reduced coexistence curve diameter; B4
Au/Ap, where A,, Ap are the critical amplitudes of second temperature
derivatives of vapor-pressure curve, (d°P/dT?), and chemical potential,
(d?w1/dT?), respectively. A Yang—Yang anomaly (d2u/dT* — +o0) implies
a leading correction pq o B4r2# would dominate the previously expected
pd & Byt!=® correction [62,63]. In Eq. (1), +£Bgt? is the asymptotic
(symmetric) term, £Bit#T2 is the nonasymptotic (symmetric Wegner’s
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Fig. 10. Shape of the coexistence curve for ethanol near the critical point reported by
various authors from the literature and calculated with various correlations.

correction) term; Bpt!~* is the “singular diameter” the first nonanalyti-
cal contribution to liquid-gas asymmetry; B4# is the new nonanalytical
contribution of liquid-gas asymmetry (“complete scaling” term), and Bjt
is the rectilinear diameter. According to the theory of “complete scaling”
(Eq. (1)), the first temperature derivative of the coexistence-curve diameter
diverges as the isochoric heat capacity (doq/dT) ot~ and as (dpq/dT)
1?P=1 (28 —1~—0.352), i.e., the divergence is shared among the two terms,
Brt'=% and B4t*f. We accurately determined the critical amplitudes B,
and B4 from the present experimental data for ethanol (see Table VII), i.e.,
the singular contribution of both terms. Figure 12 demonstrates that both
(Bt'=*) and (B4t*#) represent nonanalytical contributions of the singu-
lar diameter of ethanol. If we define the strength of the coexistence curve
diameter singularity as B, = B4/ (B4+ By), like the Yang-Yang anom-
aly of strength R, =A,/(Ap + A,), then at B, =0, therefore, B4 =0,
the divergence of the coexistence curve diameter, dpq/dt, is caused by
divergence of only the Byt!=® term in Eq. (1). However, if B, #0, ie.,
B4 #0, the divergence of the coexistence curve diameter, doq/dz, is caused
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Fig. 11. Saturated-liquid and -vapor density differences, Aps = pg — pg, and vapor
pressure of the ethanol near the critical point.

by divergence of both B>t!™* and B4t*# terms in Eq. (1). As one can
see from Table VII, the value of B4 #0; therefore, B, #0 (B, =0.13 for
ethanol). For ethanol, the value of the critical amplitude By (Bst?#) is
small and negative (—0.9442), while the value of the critical amplitude B,
is large and positive (6.2812). Therefore, both nonanalytical contributions
to the singular diameter of ethanol partially compensate each other, and
as previously shown by Anisimov and Wang [64], create an illusion that
the diameter is rectilinear (see Fig. 12). Thus, the present experimental
data for the coexistence curve diameter exhibit slight deviations from the
straight lines (rectilinearity). As shown previously by Anisimov and Wang
[64], for some fluids (for example, SFg, n-C7Hj¢) the term B4r?# is domi-
nant, while for other fluids such as Ne, N>, and CHy, the contribution of
the B4t*f term is negative and small, such as our case for ethanol. Thus,
the divergence of the coexistence curve diameter, dpq/dt, for ethanol is
shared between the terms Bor!~® and B4r?#; moreover, the contribution of
the Byt'~* term is dominant, although for some fluids depending on the
effect of their nature on coexistence curve asymmetry, the domination of
the B4r2P is possible (see, for example, Ref. 64).

Usually, the value of the critical density determined from the singular
diameter law is less than that obtained from the linear extrapolation (from
rectilinear law). In some cases the resulting difference between “rectilinear”
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Table VII. Coefficients B;and P; for Egs. (1) and (3)

By B B> B; By Thermodynamic path
2.2992 —0.6732 6.2812 4.6700 —0.9442 Along the coexistence curve
Py P, P; - - Thermodynamic path
183.6693 —146.3741 —56.1697 - - Vapor-pressure curve

Tc=514.71+£02K, pc=273.21+2kg-m3, Pc=6.268+0.008 MPa; o =0.11; 8=0.324;
A=0.51

1.28 Bt Ethanol
. _.u/ - Eq. (2)
1.20 e (1-¢) term
L /,-' ------ ZB .
112
s T -
e
S KT
0.96 I- T
...................... 2B
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0.000 0.008 0.016 0.024 0.032 0.040 0.048

t

Fig. 12. Singular diameters for ethanol.

and “singular” diameter techniques for the critical density determination is
about 3-5%. For ethanol most available data for the critical density differ
by +2kg-m~3 (or about 1%). This is indirectly confirming that the diame-
ter of the ethanol is close to rectilinear. The derived optimal value of pc =
273.21+2kg-m~3 was accepted as the critical density for ethanol.

The present saturated-pressure values were analytically extrapolated,
by using the scaling relation near the critical point,

Ps=Pc+ Pit> % + Pyr> 2 4 pit (3)
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to the value of the derived critical temperature (7T¢c = 514.71K) (see
Fig. 11b). The derived value of the critical pressure for ethanol is Pc =
6.268 £ 0.008 MPa. The values of the adjustable parameters of Eq. (3)
are given in Table VII. The present derived values of the critical param-
eters for pure ethanol (Ic=514.71+0.2K, pc=273.21+2kg-m™3, Pc=
6.268 + 0.008 MPa) are in satisfactory agreement with the most reliable
reported values. Differences between the critical temperature, density, and
pressure recommended by Gude and Teja [48] and the present results are
0.71K, 0.65, and 2.1%, respectively. Dillon and Penoncello [46] recom-
mended values of the critical parameters that deviate from the present data
by 0.81 K, 1.0, and 1.95%, respectively. Our recent calorimetric measure-
ment results for the critical parameters (7¢c and pc) deviate from the pres-
ent PVT experimental results within 0.27 K and 3.3%. The present results
for the critical parameters are also good (0.2-0.6 K, 0.02-0.08 MPa, and
2-3kg-m~3), based on comparisons with data reported by other authors
[17,22,32,65-73]. Large differences (up to 2-3 K , for the critical tempera-
ture) were found for data reported by other authors [17,31,36,74-82] and
(10-45kg-m~3 for the critical density) were found for data reported by
Polikhronidi et al. [37], Battelli [66], and Ramsay and Young [77].

4. CONCLUSIONS

Densities of pure ethanol along 33 near-critical and supercritical iso-
therms between 373 and 673 K and at pressures from 0.226 to 40.292 MPa
have been measured with a constant-volume piezometer technique. The
density ranged from 91.81 to 497.67kg-m~3. The measured values of
PVT in the two- and one-phase regions were used to accurately deter-
mine the values of the vapor pressure and saturated-liquid and -vapor
densities in the temperature range from 373 to 513K by using analyti-
cal extrapolation and the break-point technique. The critical parameters
(Tc=514.71402K, pc=273.21+2kg-m~3, Pc=6.268+0.008 MPa) for
pure ethanol were determined from measured values of saturation proper-
ties using a fitting procedure. The measured PVT data and saturated prop-
erties are in good agreement (AAD =0.49%) with values calculated from
the fundamental equation of state by Dillon and Penoncello [46]. Large
discrepancies (up to 10 K and 50%) were found between various reported
saturated- and critical-properties data for ethanol in the critical region.
Derived values of the saturation densities and vapor pressure were used to
develop scaling-type correlation equations in the critical region. The sin-
gularity of the coexistence-curve diameter is caused by divergence of both
Bot'= and By4r?f terms in the “complete scaling” equation. For ethanol
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the value of the coexistence-diameter singularity strength defined as B,
is not zero. But, both nonanalytical contributions, Byt!=% and B4r?#, of
the singular diameter partially compensate each other (the coefficients B;
and B4 have opposite signs), and the diameter of ethanol is very close to
rectilinear.
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