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Isochoric Heat-Capacity Measurements for Pure
Methanol in the Near-Critical and Supercritical
Regions
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Isochoric heat-capacity measurements for pure methanol are presented as
a function of temperature at fixed densities between 136 and 750kg-m*3.
The measurements cover a range of temperatures from 300 to 556K.
The coverage includes the one- and two-phase regions, the coexistence
curve, the near-critical, and the supercritical regions. A high-tempera-
ture, high-pressure, adiabatic, and nearly constant-volume calorimeter was
used for the measurements. Uncertainties of the heat-capacity measure-
ments are estimated to be 2-3% depending on the experimental den-
sity and temperature. Temperatures at saturation, 7g(p), for each mea-
sured density (isochore) were measured using a quasi-static thermogram
technique. The uncertainty of the phase-transition temperature measure-
ments is 0.02K. The critical temperature and the critical density for pure
methanol were extracted from the saturated data (7g,pg) near the crit-
ical point. For one near-critical isochore (398.92kg~m*3), the measure-
ments were performed in both cooling and heating regimes to estimate
the effect of thermal decomposition (chemical reaction) on the heat capac-
ity and phase-transition properties of methanol. The measured values of
Cy and saturated densities (7g,ps) for methanol were compared with
values calculated from various multiparametric equations of state (EOS)
(IUPAC, Bender-type, polynomial-type, and nonanalytical-type), scaling-type
(crossover) EOS, and various correlations. The measured Cy data have
been analyzed and interpreted in terms of extended scaling equations for
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the selected thermodynamic paths (critical isochore and coexistence curve)
to accurately calculate the values of the asymptotical critical amplitudes
(Agz and B).

KEY WORDS: adiabatic calorimeter; coexistence curve; critical amplitude;
critical exponents; critical point; crossover equation of state; isochoric heat
capacity; methanol; quasi-static thermograms.

1. INTRODUCTION

Pure fluids of species that hydrogen bond behave differently from sys-
tems that interact only through dispersion forces. For pure fluids, strong
attractive interactions between like molecules result in the formation of
molecular clusters that have considerable effect on the thermodynamic and
structural properties of the species. The anomalous structural and thermo-
dynamic properties of highly associated fluids are governed by hydrogen
bonding. In contrast to physical interactions, chemical interactions (hydro-
gen-bonding) are short-ranged and highly directional. Presently, statistical
mechanics (calculation of the structural and thermodynamic properties of
a fluid from knowledge of the intermolecular interactions) can give inaccu-
rate or even physically incorrect results when applied to hydrogen-bonded
fluids. Due to its high polarity and strong self-association, methanol has a
complex structure and is a challenge to study both experimentally and the-
oretically. We do not have a sufficient understanding of microscopic prop-
erties of associated fluids including the nature of hydrogen bonds and their
effect on the 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 improvements in important
practical applications in the environmental, mechanical, chemical, biologi-
cal, and geothermal industries. Pure alcohols at high temperatures can be
thermally unstable. Experiments that measure thermodynamic properties
of a thermally labile species over a wide temperature range are often hin-
dered by chemical reactions, including decomposition. A number of pre-
vious studies have studied the effects of methanol decomposition on the
thermodynamic properties of methanol [1-6]. It has been reported that a
serious complication exists at T > 405K, since methanol begins to decom-
pose at this temperature.

The design of engineering systems utilizing methanol requires an
accurate knowledge of the thermodynamic properties. For example, it is
well-known that the addition of a polar co-solvent (methanol, for exam-
ple) to a supercritical fluid (H,O or COj;) often leads to an enhance-
ment in the solubility of a solute and an improvement of the selectivity
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of the supercritical solvent (effective polar modifiers) [7-11]. Methanol has
been often used as an effective modifier for HyO and CO; in supercriti-
cal fluid extraction and in supercritical chromatography. The use of meth-
anol as a co-solvent can modify the polarity and solvent strength of the
primary supercritical fluid to increase the solute solubility and selectivity
and to minimize operating costs in an extraction process. A survey of the
literature reveals that measurements of the thermodynamic properties of
pure methanol in the near-critical and the supercritical regions are very
scarce. The chief objective of this paper is to provide accurate isochor-
ic heat-capacity data (CyVT) and phase-boundary properties (7s, ps) for
pure methanol in the near-critical and supercritical regions.

2. PREVIOUS ISOCHORIC HEAT-CAPACITY,
SATURATED-DENSITY, AND CRITICAL-PARAMETER
MEASUREMENTS FOR METHANOL

2.1. Isochoric Heat-capacity Measurements

Due to the thermal instability of methanol molecules, published ther-
modynamic data for methanol display significant scatter that is larger than
the author’s claimed uncertainties. Therefore, it is difficult to select exper-
imentally consistent thermodynamic data sets that can be used to develop
accurate equations of state (EOS) or correlations. This is one of the reasons
why there are large differences between various EOS and correlation calcu-
lations for pure methanol. Experimental thermodynamic data of pure meth-
anol were reviewed and compiled extensively under the auspices of IUPAC
[12]. De Reuck and Craven [12] reported a comprehensive review of all of
the methanol measurements which were made between 1887 and 1992. No
isochoric heat-capacity data were published before 1992. The TUPAC [12]
formulated EOS for pure methanol was developed without accurate CyV T
data; therefore, this EOS cannot be used to accurately calculate the calo-
ric properties of pure methanol, especially in the critical and supercritical
regions where a scaling-type critical anomaly of thermodynamic properties
is observed. Eubank [13] reported also, in 1970, a review of earlier work
on the thermodynamic and other physical properties of methanol. In our
recent papers (Abdulagatov etal. [14] and Aliev et al. [15]), we reviewed
also new publications on thermodynamic properties of pure methanol, after
1992. Therefore, here we will briefly review only work where isochoric heat-
capacity, phase-boundary, and critical-properties data were reported.

Recently, a limited number of measurements of the CyVT proper-
ties for pure methanol have been reported by various authors [4,14-18].
The measurements of Aliev etal. [15], Kitajima etal. [16], and Kuroki



166 Polikhronidi et al.

etal. [17] cover the low-temperature (below 420K) range in the liquid
phase. Abdulagatov etal. [4] reported CyV T data for methanol (purity of
99.3%, 0.5 mass% of H,O) along six isochores in the density range from
266 to 449kg:m~3 and at temperatures from 443 to 521 K. The uncer-
tainty of the measured values of heat capacity in the critical region was
3%. After the measurements, gases thought to be decomposition products,
were released from the calorimetric cell. The measurements are not high
quality due to impurity effects on the near-critical behavior of isochoric
heat-capacity and phase-transition properties (saturated densities and tem-
peratures near the critical point). A shift in the saturation temperature
for each measured density was found during cooling and heating passes,
again due to decomposition reactions. Suleimanov [18] reported compre-
hensive measurements of the isochoric heat capacities of pure methanol in
the temperature range from 470 to 620 K and at densities between 68 and
526 kg-m—3. These temperature and density ranges included one- and two-
phase regions, coexistence curve, and near- and supercritical regions. Most
measurements were performed near the phase-transition points to accu-
rately extract the coexistence curve data (7s, ps) near the critical point.
The uncertainty in heat-capacity measurements was 1.5-5.5% depending
on the range of temperature and density. Recently, Abdulagatov etal. [14]
reported isochoric heat-capacity measurements for pure methanol in the
immediate vicinity of the critical point for densities between 274.87 and
331.59kg:-m~—> and at temperatures from 482 to 533K including the coex-
istence curve. Measurements were performed along one vapor and five lig-
uid isochores. The uncertainty of these data is 2-3%. These data were used
to develop the crossover model for the thermodynamic properties of pure
methanol. The present isochoric heat-capacity measurements considerably
expand the temperature and density ranges in which Cy data for pure
methanol are available.

2.2. Saturated-density Measurements

Very restricted experimental saturated-liquid and -vapor density data
are available for pure methanol in the critical region [4,6,14, 18-29]. Sule-
imanov [18] reported near-critical saturated densities for pure methanol
(water content of less than 0.04 mass% and an organic content less than
0.02 mass%) by observing the discontinuity in the ischoric heat capacity
at the phase-transition boundary along each fixed isochore. Fifteen val-
ues of the saturated-liquid and -vapor densities were reported by Suleima-
nov [18] in the temperature range from 483.15K to the critical tempera-
ture, 512.70 K. Values of the critical density (pc=267.38kg-m~>) and the
critical temperature (Tc =512.70+0.2 K on IPTS-68) were extracted from
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the measured values of saturated density and temperature in the critical
region.

Abdulagatov etal. [14] also used an isochoric-heat-capacity experi-
ment together with the quasi-static thermograms technique (see Section
3.2) to measure saturated densities for pure methanol in the critical region.
They reported six values of the saturated boundary properties (Ts, g, og)
for pure methanol in the critical region. The uncertainties of the phase-
transition temperature and density measurements were, respectively, 0.02 K
and 0.15%. Six values of the saturated density and saturated temperature
were also obtained from the CyVT measurements by Abdulagatov etal.
[4]. Bazaev etal. [6] used isothermal (P — p) and isochoric (P — T) break-
point techniques to determine saturated densities for methanol in the tem-
perature range from 423.15 to 503.15 K. Saturated-liquid and -vapor den-
sities of pure methanol were reported by Efremov [20] in the temperature
range from 273 to 513.15K. Measurements were made by using a visual
method. No uncertainties for the measured values of density are given in
the work.

Cibulka [21] has critically evaluated all of the published experi-
mental saturated-liquid densities for pure methanol. He reported the
parameters of a correlating equation (non-scaling type equation) and rec-
ommended values of the saturated-liquid densities for pure methanol. The
temperature range for the experimental saturated-density data was from
175.4 to 508.51 K. The relative RMSD of the correlation was 0.18% or
1.03kg-m~3. Unfortunately, this correlation does not include the critical
region between 508.51 K and 7c. The relative differences between vari-
ous correlations [12,21,23,24,27,29] in the critical region (from 490 to
512.6 K) reached a maximum of 2%. The same difference (about 2%) is
found between the critical densities reported by various authors (see Sec-
tion 2.3). Overall 43 experimental saturated-density data points were found
in the literature in the temperature range from 505K to 7c.

2.3. Critical Properties Data

Gude and Teja [30] and Abdulagatov etal. [14] have reviewed the crit-
ical property data of pure methanol. Gude and Teja [30] recommended
critical properties data (Tc = 512.5+ 02K, pc =273 £ 2kgm—>, Pc =
8.084 £ 0.02 MPa) with their uncertainties. All of the available experi-
mental and estimated critical-properties (temperature, pressure, and den-
sity) data for methanol lie in the range between 505.2 and 536.2K, 7.065
and 9.701 MPa, and 267.4 and 358.7kg-m—3, respectively [30]. The scat-
ter of reported values of the critical-temperature, the critical-pressure, and
the critical-density data from the values recommended by Gude and Teja
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[30] lie between —23.7 and 7.3K, —1.62 and 1.02MPa, and —85.7 and
4.0kg-m3, respectively. This can be explained primarily by the effect of
methanol decomposition on measured values of the critical parameters.
Most reported values of the critical temperature of methanol after 1955
lie within 512.2-512.8 K, while before 1955 all reported data lay within
5129 to 513.9K. Newer methods (flow method; transient pulse-heating
thin-wire probe) have been proposed by various authors to measure the
critical parameters for thermally unstable fluids or reactive compounds.
These newer methods are capable of residence times between 0.01 ms and
30s. Unfortunately, these newer methods have not been applied to mea-
surement of the critical parameters of methanol. These could be valuable,
particularly if the typical measurement uncertainties can be reduced.

3. EXPERIMENTAL
3.1. Isochoric Heat-capacity Measurements

The isochoric heat capacities of pure methanol were measured with
a high-temperature, high-pressure, adiabatic, and nearly constant-volume
calorimeter with an uncertainty of 2-3% depending on the range of tem-
perature and density. The theory and physical basis of the method of the
heat-capacity measurements, and details of the apparatus, procedures, and
uncertainty assessment have been described in our previous publications
[31-41]; therefore, only essential information will be given here. In this
method the heat capacities at constant volume are obtained by measuring
the heat input necessary for a given temperature change of a fluid con-
tained in a spherical calorimeter. The heat capacity is obtained from mea-
surements of the following quantities: m, mass of the fluid in the calorim-
eter; AQ, electrical energy dissipated by the inner heater; AT, temperature
change resulting from addition of an energy AQ; and Cy, empty calorim-
eter heat capacity as [31-41]

cv=1(¥—co), (1)

where the empty-calorimeter heat capacity (in J-K~1) was calculated from
the equation,

Co=0.1244T —1.037 x 107472 +60.12 ©)

and T is the temperature in K. The values of the empty-calorimeter heat
capacity were determined as a function of temperature by using reference
heat-capacity data for He* [42], which is well-known with an uncertainty
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of 0.2%. The density of the sample at a given temperature 7 and pressure
P is calculated from the simple relation,

p=m/Vpr, (3)

where m is the filling mass of the sample in the calorimeter and Vpr =
AVt 4+ AVp is the temperature- and pressure-dependent volume of the cal-
orimeter. The temperature dependence of the calorimeter volume at fixed
pressure was calculated as

AVt =V, [1 +3a1(T - Ty)], )

where Vp,=105.40540.01 cm® is the volume of the calorimeter at a refer-
ence temperature 7p=293.65 K and at atmospheric pressure and «t is the
thermal expansion coefficient of the calorimeter material (stainless steel
10X18HIT) as a function of temperature,

ar= 14.6x107°+1.59 x 1078 (T —273.15) = 0.23 x 10710
x (T —273.15)>40.013 x 102 (T —273.15)? (5)

where T is the temperature in K. The uncertainty in the ot calculation
is about 2%. The value of Vt, was previously calibrated from the known
density of a standard fluid (pure water) with well-known PVT values (IA-
PWS standard, Wagner and PruB3 [43]). The pressure dependence of the
calorimeter volume A Vp was calculated from the Love formula (Keyes and
Smith [44]) for a thick-walled sphere. The uncertainty in the calorime-
ter volume Vpr at a given temperature and pressure is about 0.04%. The
uncertainty of the mass m of the sample is estimated to be 0.006%. The
total maximum experimental uncertainty in the density determination is
0.06%. The temperature was measured with a PRT-10 mounted in a tube
inside the calorimetric sphere. The uncertainty of the temperature mea-
surements was less than 15mK. The thermometer was calibrated on ITS-
90 by comparison with a standard thermometer of the VNIIFTRI (Mos-
cow).

A detailed uncertainty analysis of the method (all of the measured
quantities and corrections) is given in our previous publication [36].
The uncertainty in Cy due to departures from full adiabatic control is
0.013kJ-K~!. The correction related to the deviation from true isochores
during heating, (Cy — C\e,Xp), was determined to an uncertainty of about
4.0-9.5% depending on the density. Based on a detailed analysis of all
sources of uncertainties likely to affect the determination of Cy with the
present system, the combined expanded (k =2) uncertainty of measur-
ing the heat-capacity, with allowance for the propagation of uncertainty
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related to the departure from true isochoric conditions of the heating pro-
cess, was 2-3% in the near-critical and supercritical regions, 1.0-1.5% in
the liquid phase, and 3-4% in the vapor phase.

The heat-capacity is measured as a function of temperature at nearly
constant density. The calorimeter was filled at room temperature, sealed,
and heated along a quasi-isochore. Each run was normally started in the
two-phase (L-V) region and completed in the one-phase (liquid or vapor
depending on the filling density) region at its highest temperature or pres-
sure. Between the initial (L-V) and the final single-phase state, the sys-
tem undergoes a liquid—gas phase transition. This method enables one to
determine with good accuracy the transition temperature Ts, the jump in
the heat-capacity ACy, and reliable Cy data in the one- and two-phase
regions for each quasi-isochore (see Section 3.2).

For a selected near-critical isochore (398.92kg-m~3) after reaching
the maximum measured temperature of 511K, the sample was cooled to
493K (initial temperature) and Cy was measured in order to compare
with the results from a heating run. The presence of some gases, which
were not identified, in the calorimeter after measurements were completed,
has been observed. A residual pressure, due to presence of the gaseous
phase after measurements in the calorimeter (the calorimeter was cooled
with liquid nitrogen before opening), was noted. After completion of the
measurements for a given isochore, the calorimeter was discharged, and a
new sample was used to continue measurements for other isochores.

3.2. Phase-boundary Properties (Ts, g, o5, Cy. Cyy, Cyy, and Cyyy)
Measurements: Method of Quasi-static Thermograms

The one- (Cy,;, Cy;;) and two-phase (Cy,,, Cy,) vapor and liquid heat
capacities at saturation, the saturated temperature (7s), and saturated-
liquid (pg) and -vapor (pg) densities can also be measured by the method
described above (see Section 3.1). The method of quasi-static thermo-
grams (isochoric heat-capacity jumps and temperature versus time, 7 — 7,
plot) was used in this work to accurately determine the location of the
phase-boundary parameters (75, pg, o) of pure methanol. Details of the
method of quasi-static thermograms and its application to complex ther-
modynamic systems with different types of phase transitions (pure fluids
and binary solutions with L-V, L-L, L-S, V-S, L-S-V, and L-L-S phase-
transitions) are described in recent publications [36,40,41,45-47].

The construction of the calorimeter described above enables control
of the thermodynamic state of the measuring system with two indepen-
dent sensors, namely, (a) a resistance thermometer-PRT (T — 7 plot) and
(b) a layer of cuprous oxide (CuyO) surrounding the calorimetric vessel
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that serves as an adiabatic shield (integral adiabatic screen). In comparison
with earlier work with the quasi-static thermogram technique by Chash-
kin etal. [48] and by Voronel [49], the present method of thermograms
(T — © plot) here is supplemented by recording readings of the sensor of
adiabatic control. With synchronously recorded readings of the resistance
thermometer and of the cuprous oxide sensor of adiabatic control, one can
monitor the thermodynamic state of the fluid that approaches the phase-
transition point (phase-transition temperature, 7s) at a fixed density (pg or
pg). Precisely at the liquid-vapor phase-transition curve, the heat capac-
ity is known to change discontinuously, leading to a sharp change in the
thermogram slope (dT/dt). The high sensitivity of cuprous oxide makes
it possible to determine exactly the temperature changes on a strip-chart
recorder. Temperature changes are recorded on a thermogram tape of a
pen recorder as a spike produced by the Cu;O sensor and as a break
(change of the thermogram slope). The coincidence in time of the posi-
tions of the spike in the Cu,O sensor signal and of the break in the slope
of the sample temperature thermogram indicates that the processes occur-
ring in the system are quasi-static. Indeed, the Cu,O responds to a change
in the thermodynamic state of the sample at the internal surface of the
calorimeter, while the resistance thermometer (PRT) records temperature
changes in the center of the calorimeter. The presence of any tempera-
ture gradient in the volume of the sample would shift the positions of
the spike and the break in the thermogram. However, with temperature
changes occurring at rates of 5x107> to 10~* K.s~!, the shift is observed
to be less than 10~* K. In regions with a weak temperature dependence
of the heat capacity, the thermogram segments are virtually rectilinear and
have a constant slope.

The method of continuous heating used to measure the heat-capacity
allows one not only to accurately determine the phase-transition tempera-
ture, but also to directly measure, from the break in the thermogram, the
magnitude of the heat-capacity jump ACy from the break of slopes of the
thermograms as

dt dt
o), )]

where (dt/dT)vrs—e and (dt/dT)y7s4, are the slopes of the thermograms
before and after the phase-transition temperature 7Tg, respectively; k is a
coefficient depending on the magnitude of the heat flow and the mass
of the sample; and Tg is the temperature of the phase transition corre-
sponding to the fixed isochore. It is well-known (Sengers and Levelt Sen-
gers [50,51]) that the isochoric heat-capacity jump ACy diverges at the
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critical point as ACy o« (T —T¢c)™%, where @« =0.112 is the universal critical
exponent. Therefore, the difference, [(dr/dT WTs—e — (dr/dT)VTS+8],
between thermogram slopes before (dt/dT)vrs—. and after (dtv/dT)vrg+e
a phase-transition in the critical region is very large (about 30-50%
depending on the filling factor). This fact has allowed a very sensitive
determination of phase transitions near a critical point. Conversely, the
P — T isochoric break-point or P — p isothermal break-point techniques
are much less sensitive to a phase transition in the critical region because
the slopes of the P —T and P — p curves change very little due to the
small difference between the densities of the phases in equilibrium. There-
fore, the quasi-static thermogram method is more sensitive to determine
phase-boundary properties than P — T and P — p break-point techniques
in the critical region. At conditions far from the critical point, P — T and
P — p break-point techniques are preferred because the heat-capacity jump
ACy is small (therefore, changes in thermogram slopes also are small),
while the slopes of the P — T isochores and the P — p isotherms exhibit
breaks that are sharp. Measurements of the temperatures and densities
corresponding to the phase-transition curve using the method of quasi-
static thermograms in the above-described adiabatic calorimeter are car-
ried out as follows. The calorimeter is filled with the fluid to the target
density; then, the apparatus is brought into the working range of temper-
atures, and is held until adiabatic conditions are established. After this,
thermograms are recorded. In order to check the reproducibility (+0.02 K)
of the phase-transition temperature at fixed density, the measurements
were made for both heating and cooling. When one isochore is completed,
part of the sample is extracted from the calorimeter into a measuring ves-
sel and the amount of the fluid extracted is measured. The measurements
are then repeated at the new fixed density.

3.3. Test Measurements

To check and confirm the reliability and accuracy of the method
and procedures for the Cy and phase-boundary property (7s, pg, pg) mea-
surements, measurements were first carried out for pure water and tol-
uene at selected densities. TablesI and II provide the experimental Cy
and (Ts, pg, pg) data for pure water and toluene measured using the
same experimental apparatus together with values calculated from refer-
ence equation of state (IAPWS formulation, Wagner and Pruf3 [43] and
Lemmon and Span [52]). TableI shows that the agreement between test
measurements of Cy for pure water and toluene and reference EOS [43,52]
calculations is excellent (AAD=1.13% and 0.81%, respectively). Table Il
shows that the differences between measured and calculated saturated
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Table I. Validation Measurements of Cy on Pure Water and Toluene in the One- and
Two-phase Regions

Water
T(K) cy? Cy [43] T(K) oy’ Cy [43]
(kIkg LK1 (kJkg LK kIkg= LK1 (kIkg LK1
0=971.82kgm™3 0=309.60 kg-m™3
352.53 4.183 4.196 643.05 10.30 10.50
368.77 3.768 3.755 645.91 12.07 12.19
392.95 3.584 3.595 649.33 5.137 5.185
416.31 3.425 3.463 844.21 2.575 2.507
AAD (%) 0.50 AAD (%) 1.75
Toluene
T(K) cy? Cy [52] T(K) oy’ Cy [52]
kJkg LK) (kIkg LK1 kIkg LK1 kIkg LKD)
0=777.80kgm™3 0=555.25kgm™3
392.825 1.581 1.561 545.840 2.049 2.029
393.604 1.563 1.563 548.720 2.034 2.035
399.339 1.621 1.582 549.315 2.054 2.036
411.334 1.614 1.622 550.413 2.046 2.039
AAD (%) 1.05 AAD (%) 0.56

densities for pure water and toluene are within 0.05% and 0.15%, respec-
tively, although for toluene in the critical region the difference increases to
1.7%. Tablell also shows that the differences between measured and cal-
culated phase-transition temperatures are good. For toluene the difference
ranges from 0.9K for a high density (777.8kg-m~3) to about 0.3K for
the near-critical densities, while for water it is less than 0.05 K. This good
agreement for test measurements demonstrates the reliability and accuracy
of the present method for Cy measurements.

4. RESULTS AND DISCUSSION

Measurements of the isochoric heat capacity for pure methanol were
performed along nine liquid isochores (750.08, 714.24, 701.85, 689.56,
647.59, 592.10, 548.37, 499.75, and 398.92 kg~m’3) and seven vapor isoch-
ores (265.77, 258.07, 244.33, 241.06, 212.16, 206.16, and 136.14kg-m~3).
The temperature range was 300-556 K. The commercial supplier of the
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Table II. Validation Measurements of Phase-boundary Properties (75, pg) on Pure Water
and Toluene

Water

Ts (K) os (kgm™3) os [43] (kgm™3) Difference (%)
572.480 45.620 45.658 —0.08
647.090 309.60 309.84 —0.08
647.104 321.96 - -
353.070 971.82 971.82 0.00

0s (kg~m*3) Ts (K) Ts [43] (K) Difference (K)
45.620 572.430 572.430 0.05
309.60 647.090 647.090 0.00
321.96 647.104 - -
971.82 353.060 353.060 0.01

Toluene

Ts (K) os (kgm™3) os [52] (kgm™3) Difference (%)
385.900 777.80 775.90 0.24
545.302 555.25 555.69 —0.08
589.544 214.64 218.27 —1.69

05 (kg~m_3) Ts (K) Ts [52] (K) Difference (K)
777.80 385.900 385.05 0.85
555.25 545.302 545.50 —0.20
214.64 589.544 589.26 0.28

methanol provided a purity analysis of 99.95 mol%. The experimental one-
and two-phase Cy data and (Cyi, Cy2, Ts, ps) values on the coexistence
curve are given in TablesIIl and IV and shown in Figs. 1-6 as projec-
tions in the Cy — T and Cy — p planes, together with values reported
by other researchers [17,18] and calculated with various EOS (crossover
model [14], TUPAC [12], Bender-type [53], and Kozlov [27]). The den-
sities presented in TableIIl (quasi-isochores) are the values of densities
calculated from Eq. (3), where Vpr is the value of the calorimeter vol-
ume at the saturation temperature, 7s. The maximum deviation of the
values of density from those at saturation is £0.65%. The full range of
experimental Cy as a function of temperature along the liquid, vapor,
and near-critical isochores is shown in Fig.1. Figure2 shows the tem-
perature dependence of the measured values of the isochoric heat capac-
ity for pure methanol at four near-critical densities in both the one- and
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Table III. Experimental Values of the One- and Two-phase Isochoric Heat Capacities of
Methanol?

T Cy T Cy T Cy T Cy
K) Ik 'KhH K ke'KThH K @kgT'KTH (K) kIkgTlKT

p=750.08,kgm™>  p=71424kgm™>  p=701.85kgm™>  p=689.56,kgm™3
300.062 2750  313.078  2.761 325290 2780  332.247  2.836
300446 2753 313322 2755 325.648 2775 332612 2.841
300.693  2.744  313.560  2.758  325.010  2.783 332843  2.839
309.603 2739 313810  2.763 349.746  2.991 333.082  2.850
309.854 2756 331.170  2.770  349.813 2975 333320  2.833
309.227 2760 331.779 2749 349.999 2980  349.514  2.996
311012 2.697 332010  2.753 371813  3.145 349980  2.984
311.385 2744 339.488 2889  371.965 3.148 350442 2.990
311.870 2769  339.509  2.893 372.140  3.156 351710  3.003
325419 2775 339.891 2874 372560  3.140 352063  2.998
325650  2.748  340.613  2.880 374340  3.159 352052  3.012
325.011 2.771 341122 2879  374.893 3.144 362672 3.084
325130 2739 341966  2.887  375.112  3.173  363.001 3.070
332960 2794 354130 2974 376890  3.187 363477  3.092
333200 2780 354470 2990 377220  3.166  373.667  3.170
333.680  2.837 354700  2.953 377.843 3.164  374.011 3.175
334272 2817 368.981 3122 377919  3.178 374568  3.178
334.633  2.806  369.205  3.117  378.101 3.187  375.781 3.182
334980  2.822 369430  3.119 378980  3.161 376220 3.190
335112 2.840  370.190  3.141 379.536  3.180  376.658  3.179
335580  2.842  370.301 3.141 379.860  3.188 390459  3.272
335934 2.847  370.524 3129 380417  3.191 390.567  3.274
336.171 2.845  370.859  3.149  380.855  3.174  390.831 3.280
336.526  2.834 370970  3.140  381.188 3199 391.108  3.284
336.880 2852  371.082  3.145  381.383 3205 391324  3.288
337.117 2855  371.082 2706  381.821 3.197  391.540  3.292
337188  2.858  371.193  2.695  382.040  3.201 391.757  3.296
337.188 2520  371.528  2.699 382150  3.215  391.865  3.298
337.235 2537 371.863  2.725 382150 2735 391970  3.300
337353 2519 372309 2700  382.588  2.729 391970  2.805
337.944 2524 372532 2.733 382917 2733 392.082  2.800
338417 2513 373.847 2725  383.575  2.740 392406  2.802
340.062 2542 374110  2.700  383.684 2742 392.622  2.808
340300  2.539 374560  2.719  385.670  2.769  392.838  2.793
340.538 2550 378320 2.725  385.890  2.783  393.055  2.810
340.881 2533 378540 2734 386220 2810 393.271 2.814
343264 2555 378716 2739 386.553  2.794 393488  2.792
343319 2549 381733 2750 390.242  2.819  397.570  2.890
343425 2549 381.820  2.763 390.570  2.847  397.792  2.863
346386 2.563 381919 2758  390.906  2.830 398216  2.884
346.644 2567 392.619  2.822  403.177  2.884  403.868 2915
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Table III. Continued

T Cy T Cy T Cy T Cy
K)  Kkg'K™H (K kIkg'KTH (K) (kIkgT'KTH (K) (kIkg!KT

347.080  2.558 392.824  2.837  403.341 2.894  404.083 2.890
352.409 2.583 392.917 2.835  403.619 2917 404412 2.903
352.867 2.587 392992  2.840  403.805 2919  405.993 2915
- - - - - - 406.625 2.925
p=647.59kgm™3 0=592.10kg:m™3 p=548.37kgm™3 0=499.75kgm™3
349.167 2990  421.290 3.590 313.644 2760 474392 4.670
349.422 2.993 421.630 3.649 313.795 2.758 474619  4.679
349.713 2990 421810 3.622 313.933 2.773 474993  4.684
359.383 3.065 422.020 3.598 326.141 2810  484.569  4.879
359.567 3.078 433.238 3.865 326.252 2.813 484752 4.893
359.964 3.082  433.641 3.894 326.649 2.847 484945  4.869
371.885 3.163 433.855 3.895 326.790 2.820 485233  4.880
372.013 3.174 434220 3.880 349.273 2.998 487.926 5.020
372.440 3.155 444.807 4.005 349.465 3014  488.118 5.028
391.220 3320 445.103 4.022 349.916 3.007  488.406 5.064
391.543 3.325 445.507 4.037 372.442 3.198 488.608 5.088
391.869 3316 449512 4.048 372.613 3.175 489.177 5.080
391.970 3.318 449.844  4.063 372.948 3.180  489.370 5.089
416.512 3572 450.011 4.044 373.117 3.175 489.563 5.098
416.823 3.580 452917 4.096 394.239 3.395 489.940 5.110
417.130 3.564  453.041 4.107 394.640 3.418 490.035 5.118
422.019 3.602  453.810  4.120 394.998 3422 490.131 5.117
422.226 3.604 454210  4.012 435376 3.915 490.227 5.133
422.537 3.613 454.513 4050 435612 4012 490.323 5.135
422744 3.610 454709  4.066 455619 4200  490.418  5.140
422.951 3.613 454902  4.078  455.834 4187  490.418  3.620
423.158 3.616  455.101 4.090 455999  4.193 490.514 3.622
423.261 3.623 455300  4.107 456207 4219  490.610 3.617
423.364 3.619 455598 4122 465.585 4355 490.705 3.600
423468  3.620  455.697  4.126  465.944 4407  490.991 3.598
423468 2935  455.797 4132 473513 4497  491.278 3.579
423.571 2.915 455896  4.138  474.488 4.531 491.469 3.564
423.675 2930 455996  4.144 474585  4.535 491.660 3.582
423.778 2946 456.095 4150  474.683 4539 491851 3.565
426470 2930  456.095  3.170 474780  4.542  491.947 3.529
426.681 2.943 456.194 3.165 474878 4546 499.379 3.267
427.012 2.938 456.586 3144 474975 4550  499.473 3.270
427.223 2.951 456.781 3.161 474975 3325 499.663 3.248
431.295 2990  456.879 3166  475.072 3320 499.758 3.230
431.605 3.015 457.074 3.158 475170 3.321 507.791 3.184
431.907 3.035 457.269 3158  475.267 3318 507.979 3.197
442.719 3.054  457.463 3.160  475.461 3.305 508.167 3.175
442.922 3.050  462.241 3122 475.656 3.288 508.355 3.170
443.093 3.048 462.630 3.134  475.850 3.265 512.581 3.130
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Table III. Continued

T Cy T Cy T Cy T Cy
K)  Kkg'K™H (K kIkg'KTH (K) (kIkgT'KTH (K) (kIkg!KT

- - 462.935 3120 476.045 3.278 512.743 3.147
- - 463.221 3.119 483217 3.273 512.900 3.134
- - 469.022 3.128  483.990 3.273 - -

- - 469.319 3.134  487.119 3.273 - -

- - 469.614 3.128  487.899 3.273 - -

- - 473717 3.150 - - -

»=398.92kg-m™3 0=265.7Tkgm™> p=258.07kgm™3 0 =24433kgm™3
493.669 5.822 494909 6.837 474976 5920  494.146 7.054
493.814 5830  495.195 6.849  475.170 5937 494336 7.088
493.971 5.833 495.481 6.875 475365 5957 494527 7.139
503.169 6.360 503.212 7.511 475.559 5964  494.718 7.128
503.374 6377 503.447 7549 486.004  6.484 501.162 7.645
503.641 6.390 503.719 7.584  486.643 6.459 501.370 7.713
503.917 6.401 503.922 7619  486.824 6472 501.944 7.754
505.530  6.522 507.603 8.017  496.908 7.124 507.038 8.134
505.726 6.538 507.791 8.153 497.099 7.160 507.226 8.167
505910  6.544 507.979 8.203 497.384  7.155 507.415 8.277
506.195 6.527 508.168 8.151 497.575 7.078 507.603 8.350
506.477 6.642 512.046  9.803 503.074  7.655 510412 9.470
506.764  6.670 512234 10364  503.357 7.620 510.790  9.559
507.042 6.681 512422 10.586  503.640 7.718 511.071 9.639
507.221 6.693 512,515 10.830  503.735 7.620 511352 9.745
507.415 6.705 512.609  11.135  508.638 8.450 511726 9.998
507.509 6.722 512,702 11.673  508.826 8.489 512.007  10.260
507.697 6.764 512775 12250  509.108 8.364 512289 10.637
507.791 6.756 512775  6.410 509.296 8.567 512382 10.791
508.073 6.770 512.796 6.369 510.987 9.360 512.440  11.158
508.262 6.807 512.890 6.254 511.268 9.439 512534 11.360
508.356 6.833 512.983 6.098 511.455 9.525 512.628  11.599
508.450  6.820 513.077 5.980 511.602 9.635 512.665  11.680
508.525  6.840 513.186 5.887 511.830 9.748 512.665  6.105
508525  4.350 513.288 5.797 512112 10.061  512.721 6.022
508.540  4.348 513.375 5.710 512206 10205  512.815 5.897
508.641 4.290 516.602 5.077 512377 10.550  512.908 5.781
508.733 4245 516.788 4.861 512470 10.798  513.068 5.590
508.931 4.178 516.882  4.729 512.564  11.100  513.189 5.516
509.110  4.169 517.068 4.740 512.657 11613 513376 5.380
509.313 4.137 517.162  4.677 512751 11972 513.657 5.246
509.394  4.151 522.571 4432 512758 12.000  513.938 5122
509.672  4.110 522760 4396 512758  6.383 514.314 5.000
509.954  4.099 522949 4388 512.845 6.239 516.415 4729
510236 4.043 523.233 4.393 512.938 6.055 516.602  4.673
510518  4.022 - - 513.032 5.951 516.788 4719
510.706  4.013 - - 513.062 5918 516.975  4.620
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Table III. Continued

T Cy T Cy T Cy T Cy
K)  Kkg'K™H (K kIkg'KTH (K) (kIkgT'KTH (K) (kIkg!KT

- - - - 513.264 5.630 522560 4396
- - - - 513.548 5.390 522745 4401
- - - - 513.736 5.288 522.931 4389
- - - - 514.017 5.183 523.117 4355
- - - - 514.485 5.039 531.988  4.063
- - - - 516.975 4.723 532,172 4.070
- - - - 517.068 4.697 532448  4.040
- - - - 517.255 4.670 532724 4.049
- - - - 517.441 4.709 - -

- - - - 523209 4.139 - -

- - - - 523395 4.186 - -

- - - - 523.673 4.119 - -

- - - - 523.859  4.138 - -
p=241.06 kg-m—3 p=212.16kgm3 0=206.16kg-m~3 p=136.14kg:m™3
416.013 4022 478278 6.573 486.004  7.163 482.149 8.533
416342 4050  478.643 6.588  486.349 7172 482.643 8.580
416.610  4.037  478.864 6.595  486.617 7204 482912 8.941
416917 4013 494.527 7.609  491.645 7612 487.926  9.177
435477  4.654 494718 7647 491758 7.643 488.149 9.203
435.783 4.637  494.909 7.654 491916 7.670  488.622  9.248
435908  4.670  495.099 7690 492144  7.698 488.863 9.266
436209  4.688 505.246 8.751 503.735 8.520  491.758 9.574
455.243 5.345 505.532 8.758 504.019 8.593 492076  9.648
455.617 5.369 505.723 8.730 504.208 8.698 492313 9.719
455.899 5.370 505.976 8.733 504.491 8.729 492540  9.660
456.312 5.366 510336 10.022  510.330 9.840  494.146  9.820
475.172 6.070 510.523  10.080  510.517 9.943 494336 9913
475364 6111 510.898 10223 510799 10378 494.803 9.744
475512 6.095 511273 10499  511.080 10432  503.168  10.826
475.749 6.122 511461 10.607  511.269  10.596  503.451  10.837
475.997 6.119 511.554  10.660 511455 10700  503.735  10.829
494.077 7.173 511.648 10746 511.549 10787  503.829  10.844
494.349 7.155 511742 10.845  511.643 10951 504266  10.863
494.668 7.210 511.836 10960  511.737  11.100 504361  10.890
504.003 7.899 511.930  11.085 511772 11135 504450  10.886
504.267 7.944 512,005 11210 511772 5350  504.531  10.890
504.379 7919  512.005  5.450 511.830 5319 504.531 5.220
504.719 7.934 512.020 5.443 511.924 5.249 504.549 5.137
511.081 9.655 512.114 5.387 512.206 5.094 504.644  4.688
511.362 9.848 512.207 5322 512.394 5.030 504.738  4.573
511.643  10.050  512.394 5.238 512,582  4.976 504.832 4502
511.831  10.182  512.488 5.199 512770 4.927 504.907  4.495
512.018 10352 512,675 5.120 513.052  4.845 507.306  4.462
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Table III. Continued

T Cy T Cy T Cy T Cy
K)  Kkg'K™H (K kIkg'KTH (K) (kIkgT'KTH (K) (kIkg!KT

512.112 10.410 513.050 5.007 513.334 4.781 507.494 4.465
512.206 10.688 513.331 4.922 513.616 4.730 507.682 4.458
512.394 11.045 513.613 4.860 514.086 4.666 508.261 4.456
512.487 11.224 514.083 4.768 514.277 4.643 513.236 4.215
512.580 11.540 516.975 4.460 521.910 4.155 513.517 4.167
512.633 11.605 517.162 4.484 522.188 4.139 513.798 4.163
512.633 6.000 517.441 4.467 522.374 4.142 522.467 3.885
512.674 5.960 517.535 4.450 522.652 4.113 522.652 3.864
512.768 5.864 519.585 4.365 - - 522.838 3.850

512.862 5.719 519.771 4.370 - - 523.024 3.861
512.956 5.690 519.957 4.339 - - 531.712 3.720
513.236 5.463 520.238 4.330 - - 531.896 3.733
513.517 5.288 532.080 3.910 - - 532.172 3.719

513.798 5.125 532.361 3.895 - - 532.357 3.726
514.088 5.010 532.547 3.905 - - - -
514.455 4.928 532.733 3.890 - - - -
519.119 4.590 543.435 3.820 - - - -
519.306 4.575 543.709 3.820 - - - -
519.585 4.490 544.074 3.819 - - - -
519.678 4.496 544.438 3.819 - - - -
525.342 4.140 544.712 3.837 - - - -
525.619 4.125 545.076 3.837 - - - -
525.834 4.147 545.350 3.817 - - - -
526.040 4.154 545.623 3.822 - - - -
537.142 4.020 555.671 3.753 - - - -
537.319 4.037 555.852 3.753 - - - -
537.589 4.017 556.212 3.754 - - - -
537.992 4.025 - - - - - -

@ Values of density at saturated temperature and values of Cy at saturation curve are in
bold.

two-phase regions together with values calculated with crossover (CRE-
OS [14]) and multiparametric (IUPAC [12]) equations of state. This figure
also includes the measurements reported by Suleimanov [18] at nearly the
same densities. Figures3 and 4 show the measured isochoric heat capaci-
ties of methanol along various liquid and vapor isochores (136.14, 212.16,
548.37, 592.10, 647.59, and 701.85kg - m~>) together with values calcu-
lated with the TUPAC [12] and Polt etal. [53] EOS and the data reported
by Kuroki etal. [17] at a density of 705.5kg-m~3. The density depen-
dence of the measured Cy along near- and supercritical isotherms together
with values calculated with a crossover model [14] and the TUPAC [12]
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Table IV. Experimental Isochoric Heat Capacities and Densities of Methanol at Saturation

Ts (K) p§ (kgm=3) Cyy (kg LK) Cyy (kIkg LK
337.188 750.08 2.858 2.520
371.082 714.24 3.145 2.706
382.150 701.85 3.215 2.735
391.970 689.56 3.300 2.805
423.468 647.59 3.620 2.935
456.095 592.10 4.150 3.170
474.975 548.37 4.550 3.325
490.418 499.75 5.140 3.620
508.525 398.92 6.840 4350
Ts (K) p¢ (kgm~?) cyy kIkg LK) cyy (kIkg LK
512.775 265.77 12.250 6.410
512.758 258.07 12.000 6.383
512.665 24433 11.680 6.105
512.633 241.06 11.605 6.000
512.005 212.16 11.210 5.450
511.772 206.16 11.135 5.350
504.531 136.14 10.890 5.220

EOS is presented in Fig.5. The experimental values of liquid and vapor
one-phase (Cy,,Cy,) and two-phase (Cy,, Cy,) isochoric heat capacities
on the coexistence curve are shown in Fig.6 together with values calcu-
lated with the TUPAC [12] and crossover [14] EOS. Figure7 shows the
measured vapor-liquid coexistence curve (7s — ps) data for pure meth-
anol which were determined from the present Cy experiments by using
the method of quasi-static thermograms in the critical region together
with published data and values calculated from the crossover model by
Abdulagatov etal. [14], multiparametric EOS [12,23,27,53], and correla-
tions [21,24,29].

In order to study the effect of thermal decomposition of metha-
nol molecules on measured values of phase-transition temperatures and
isochoric heat capacities, the measurements for one selected isochore
(398.92kg-m~—3) were performed for both heating and cooling. As the mea-
surements show, the maximum difference in Cy between both heating
and cooling runs was about 0.5%, while the difference in 75 was within
0.25K.
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Fig. 1. Experimental isochoric heat capacities of methanol as a function of temperature
along various liquid and vapor isochores near the critical point.

4.1. Comparisons with Published Data and Calculations with EOS

The measured Cy data for pure methanol were compared with val-
ues calculated from crossover models developed by Abdulagatov etal. [14]
and multiparametric ITUPAC [12] EOS. Figure2 shows the experimental
behavior of Cy as a function of temperature for methanol along the var-
ious near-critical isochores together with values calculated from a cross-
over model in the one- and two-phase regions. Good agreement (within
2.5%) was found for each near-critical isochore in the one-phase region at
temperatures 1-3 K above the phase-transition point, while in the immedi-
ate vicinity of the phase-transition points the deviations reached as high
as 14%. This is still acceptable because the present data have not been
used to fit the parameters of the crossover model. TableV presents the
AAD between the present measurements and the values calculated with
the TUPAC [12] EOS for each measured density. As one can see from
this table, the Cy deviations at liquid densities (750.08, 714.24, 701.85,
689.56, 499.75, and 398.92 kg-m’3) are within 5-7%, while at lower den-
sities (647.59, 592.10, 548.37, and 212.16kg-m~3) the agreement between
measured and calculated values of Cy is excellent (AAD within 0.5-1.9%).
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Fig. 2. Experimental isochoric heat capacities of methanol as a function of temperature
along selected near-critical isochores together with values calculated from crossover model by
Abdulagatov etal. [14], and TUPAC [12] and Polt etal. [53] EOS.

Good agreement (within 3.0%) was found for vapor isochores at 136.14
and 206.16 kg-m~3. Almost all measured values of Cy were seen to be sys-
tematically higher than calculated values. In the critical and supercritical
regions the discrepancy between measured and calculated values (IUPAC
[12]) is as large as 30%. Good agreement, AAD =2.9%, was observed for
the one-phase saturated-liquid heat capacity Cy,; in the regular behavior
region at temperatures up to about 7K below the critical temperature. The
discrepancy between measured and calculated saturated vapor heat capac-
ities Cy, is up to 30%, with calculated values systematically lower than
measured values.

Figure 7 shows a comparison of the present saturated-density data and
data reported by other authors and values calculated with various corre-
lations in the critical region. A comparison of saturated-liquid densities
reported in this work for methanol and values calculated with various corre-
lations [21,24,29] and EOS [12,23,27,53] is given in Table VI. Generally, all
reported data and calculated values of saturated liquid densities agree within
0.4%, except for values calculated with the correlation by Zubarev and
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Fig. 3. Experimental one- and two-phase isochoric heat capacities of methanol as a func-
tion of temperature along liquid isochores near the phase-transition points together with val-
ues calculated from TUPAC [12] and Polt etal. [S3] EOS and the data reported by Kuroki
etal. [17].

Bagdonas [24]. Good agreement (within 0.2%) is found between the present
measurements and values calculated with the Polt etal. [53] EOS and the
correlation by Machado and Streett [22], while the values calculated from
correlations by Cibulka [21], Kozlov [27], Goodwin [23], and Hales and ElI-
lender [29] agree with the present results within 0.3%. The values of liquid
density calculated with the correlation of Zubarev and Bagdonas [24] agree
with the present results within 0.7%. The differences between the present
saturated-vapor data and values calculated with the ITUPAC [12] correla-
tion are within 4.1%. The agreement between the present saturated-vapor
densities and values calculated with the Goodwin [23] EOS is within 3.5%.
The data by Donham [25] differ from the present saturated-vapor densities
within 3.3%. Good agreement within 1.44% is found between the present
saturated-vapor densities and the data reported by Straty etal. [28]. The
deviations between the present data and the values reported by Suleimanov
[18] for saturated densities in the critical region are within 2.8%. The data of
Ramsey and Young [19] and Efremov [20] systematically differ by an even
larger amount, almost up to 10% in the critical region. The saturated-density
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Fig. 4. Experimental one- and two-phase isochoric heat capacities of methanol as a func-

tion of temperature along liquid and vapor isochores near the phase-transition points
together with values calculated from TUPAC [12] EOS.
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Fig. 5. Experimental one-phase isochoric heat capacities of methanol as a function of den-
sity along the near-critical and supercritical isochores together with values calculated with
crossover model [14] and TUPAC [12] EOS.
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Fig. 6j Experimer'lttal liquid and vapor one-phase (Cy;;, C{;l) and two-phase (Cyy,, C{}z)A is-
ochoric heat capacities on the coexistence curve as a function of temperature near the critical

point together with values calculated with scaling relations, Egs. (10) and (11), and IUPAC
[12] EOs.

data in the critical region reported by Bazaev et al. [6] show good agreement
(AAD between 0.06% and 0.5%) with the present data.

4.2. Asymptotic and Nonasymptotic Scaling Behavior of the Isochoric
Heat Capacity and Saturated Density of Methanol near the Critical Point

The theory of critical phenomena suggests that thermodynamic prop-
erties of fluids near the critical point exhibit the same singular asymp-
totic critical behavior as that of a lattice gas [54]. The theory of critical
phenomena predicts that the asymptotic thermodynamic behavior of flu-
ids near the critical point can be described in terms of the critical power
laws and critical scaling laws [49,55,56] given by

Cy= Af)tt_‘", (Ap =0, the critical isochore), (7)

Ap=Bot?, (Ap=Apexe, coexistence curve), (8)
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Table V. AAD between the Present Cy Measurements and
Calculations from the IUPAC [12] EOS for Various Liquid
and Vapor Isochores for Pure Methanol

o (kgm™3) AAD (%)
750.08 7.4
714.24 5.7
701.85 5.4
689.56 4.8
647.59 1.9
592.10 0.5
548.37 12
499.75 5.1
398.92 5.8
136.14 3.1
206.16 2.7
212.16 1.5

where Cy =CyTc/V Pc, «=0.112, and f=0.325 are the universal critical
exponents [50,51]; Ap=(p—pc)/pc; t=(Tc—T)/Tc; and A(“)—L and B are
the system-dependent critical amplitudes. According to scaling theory, the
critical amplitude ratio (Ay /A7) is universal [50,51,54,57,58];

-
L =[1-2B)/(y - DF &> - 1)*, ©)
AO

where b? = (y —2B)/y(1 —2p) is the universal constant. The theoretical
value for this universal relationship is as follows: Ising model Aar /Ay =
0.523 [59]; field theory A /A, =0.541 [60]; e-expansion AJ /Ay =0.520
[60], and A /A, =0.527 from Eq. (9).

The range of validity of the asymptotical critical power laws, Eqgs. (7)
and (8), is restricted to a very small range of temperatures (z < 10~2) and
densities (Ap < 0.25) near the critical point. For comparison with a real
experiment, it is very important to allow for the non-asymptotic correc-
tions to the power laws, Egs. (7) and (8), in the range where more reli-
able data can be obtained. In the asymptotic region, it is very difficult
to obtain reliable experimental data because of the effects of gravity and
other experimental difficulties. The allowance for Wegner’s [61-64] correc-
tions makes it possible to describe the non-asymptotic behavior of Cy and
other thermodynamic functions along the critical isochore and coexistence
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Table VI. Comparisons of the Present Saturated-liquid Densities with Values Calculated
from Various EOS and Correlations for Pure Methanol

ps (kgm™3) ps (kgm™3) ps (kgm™3) ps (kgmd)  ps (kgm™?)
Ts (K) (This work) (IUPAC [12]) (Polt etal. [53]) (Cibulka [21]) (Machado [22])

337.188 750.08 748.80 749.00 748.69 748.63
371.082 714.24 713.27 713.10 713.07 712.92
382.150 701.85 700.60 700.35 700.45 700.33
391.970 689.56 688.76 688.51 688.69 688.63
423.468 647.59 645.72 646.02 646.09 646.69
456.095 592.10 588.36 590.59 589.07 589.62
474.975 548.37 544.42 548.45 544.92 -
490.418 499.75 495.83 502.19 496.61 -
508.525 398.92 391.66 399.35 396.27 -
AAD, % — 0.38 0.20 0.33 0.21

Ts (K)  ps (kgm™) ps (kgm™)  pg (kgm™)  ps (kgm™)  pg (kgm™?)
(Zubarev [24]) (Kozlov [27]) (Goodwin [23]) (Efremov [20]) (Hales [29])

337.188 748.46 748.92 748.25 751.46 748.72
371.082 712.25 712.75 712.73 716.22 713.13
382.150 698.81 699.90 699.97 703.02 700.51
391.970 686.60 687.98 688.12 691.21 688.75
423.468 642.56 645.24 645.34 643.00 646.13
456.095 585.23 589.17 588.89 592.84 589.30
474.975 541.29 545.47 545.68 546.30 545.62
490.418 493.30 497.63 497.96 499.97 498.27
508.525 390.64 397.78 390.72 401.43 401.28
AAD, % 0.73 0.33 0.33 0.31 0.27

curve and saturation density Ap in the form,

Cvlc Af
v C=—°t‘“[1+A1+tA+Az+t2A+ "']_Bcr for p=pc, T=>Tc, (10)
V Pc o
CyvTe A
VC_ 20 [1+A1_IA+A2_t2A+ ] for p=pc at T<Te, (11)
V Pc o

Ap=Bot %1+ Bt + Byt +--)  for T<Tc, (12)

where A(f and By are the asymptotic critical amplitudes, Al.i and B;
(i=1,2,...) are the critical amplitudes of the correction (nonasymptot-
ic) terms of the Wegner’s expansion, and A =0.51 is the universal critical
exponent [65,66]. The numerical solution of the Ising lattice [63,64] also
gives a similar series with a similar value for A.
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Fig. 7. Experimental liquid and vapor densities at saturation for pure methanol from the
present Cy measurements together with reported values calculated from crossover model
[14] and various correlations in the critical region.

Because the isothermal compressibility of the fluid is infinite (KT —
+o00) at the critical point, it is difficult to accurately measure the critical
density directly. The mean of the densities of the saturated vapor (py) and
saturated liquid (pr), pg = (oL + pv) /2 is a linear function of temperature,

pd = B1 + Bat. (13)

The locus of the mean values pq is known as the “rectilinear diameter”.
If this line is extrapolated to the critical temperature (r —0), the value
obtained is the critical density (poqg = pc = B;). But more accurate mea-
surements of the saturated densities showed that the rectilinear diameter
pd has a slight curvature (~¢!=%, where o =0.112). According to the the-
ory of liquid—gas critical phenomena based on renormalization group the-
ory [67], the first temperature derivative (dpq/dT) of the coexistence-curve
diameter diverges as the isochoric heat capacity +~ [68—71]. That is, as the
reduced temperature ¢ goes to zero (¢t — 0), the diameter varies as

Apg~Bot' ™+ B3t +-- -, (14)
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where o =0.112 is the critical exponent that describes asymptotic behavior
of the isochoric heat capacity (see Eq. (7)); B3 is the amplitude of the rec-
tilinear diameter of the coexistence curve. The rectilinear diameter exhibits
a slight curvature in the immediate vicinity of the critical point. The data
exhibit significant deviations from straight lines in the temperature range
for which ¢ <4 x 10~2. Therefore, the value of the critical density deter-
mined from the singular-diameter law is less than that obtained from the
linear extrapolation. The resulting uncertainty in the determination of the
critical density is about 3-5%.

The effect of a Yang-Yang anomaly of strength R, on the coexis-
tence-curve diameter is given by [72,73]

Adebjztzﬁ+allll_a+clt+~-~ (15)

where bj=A, /Ap, and A, Ap are the critical amplitudes of second tem-
perature derivatives of the vapor—pressure curve, (d?P/dT?) and the chem-
ical potential, (d?u/dT?), respectively. A Yang-Yang anomaly (d%u/dT?* —
+00) implies a leading correction Apq~12# would dominate the previously
expected Apg~aljt'~® correction [72,73]. But experimental resolution of
the three corrections in Eq. (15) is very difficult.

The scaling expression for density along the coexistence curve in the
critical region is

Ap==+Bot? + B1tPt2 + Byt — Bst, (16)
where

Bozk/(b2 — 1P, B :kc/2a(b2 _yp+a
By = [kb4/a(b2 — 1)1—“] { [(e—B—2)/(5—2e)] (de) + fer)
~[de—B)+ f1/30 ]

By is the asymptotic critical amplitude (Eq. 8); B; is the nonasymptotic
critical amplitude (Wegner’s correction term, Eq. (12)); B, is the singu-
lar diameter amplitude (Eq. (14)); Bj3 is the rectilinear diameter amplitude
(Eq. (13)); a,c,k are the parameters of the crossover equation of state;
and, e, eq, ey, b? are the universal parameters determined from the univer-
sal critical exponents («, 8, A) [14]. Equations (10), (11), and (16) were
applied to the present experimental Cy and saturated-density (7s, ps) data
for methanol. The results are presented in Table VII and shown in Figs. 6
and 7. For methanol, the asymptotic critical amplitudes are A(J)r =2.8601
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Table VII. Coefficients A; and B; for Egs. (10), (11), and (16) (T¢c = 512.79K; Pc =
8.13 MPa; Vc=0.0036135m3 kg~!; ¢ =0.112; $=0.324; A=0.51)

Ay A Ay Ber Thermodynamic path

1.4797 —6.3144 3.7937  —3.7794 One phase along the coexistence curve C{,l (liquid)
5.5268 —2.6797 1.4425  —3.1184 Two phase along the coexistence curve C{/z (liquid)
0.5937 —44.6702 232.0708 —5.6933 One phase along the coexistence curve C{;l (vapor)
2.7242 54561  —18.7822 —7.8213 Two phase along the coexistence curve C{/Iz (vapor)
2.8601 3.8987  —20.8366 —1.8602 One phase along the critical isochore Cyy (T > Tc¢)
5.5004 —2.0927 —0.9806 —4.3286 Two phase along the critical isochore Cyy (T <T¢)

By By By B3 Thermodynamic path

1.85951.3372  4.0263  5.0141 Along the coexistence curve

and A; =35.5004, and By=1.8595, of the power laws for the isochoric heat
capacity and the coexistence curve, respectively. As one can see, the value
of the critical amplitude ratio (Aar /A, ) derived from the present Cy data
is 0.52, which is in excellent agreement with values predicted by the Ising
model [59], e-expansion [60], and from a scaling EOS (Eq. (9)).

The fitting procedure was used to calculate the values of the critical
parameters (7c and pc) for methanol. The critical temperature 7¢c and
the critical density pc in Eq. (16) were considered as adjustable param-
eters together with the critical amplitudes By, B, B>, and B3. The opti-
mal values of the derived critical parameters are 7c =512.79+0.2K and
pc=276.74+2kg-m 3. The present results for the critical temperature and
the critical density deviate from the recommended values [30] by +0.29 K
and +3.74kg-m~3 (1.4%), respectively.

5. CONCLUSIONS

The isochoric heat capacity for pure methanol was measured in the
temperature range from 300 to 556 K, along nine liquid isochores (750.08,
714.24, 701.85, 689.56, 647.59, 592.10, 548.37, 499.75, and 398.92kg-m—)
and seven vapor isochores (265.77, 258.07, 244.33, 241.06, 212.16, 206.16,
and 136.14kg-m~), with a high-temperature and high-pressure adiabatic
calorimeter. The results of the isochoric-heat-capacity and saturated-den-
sity measurements were compared with values calculated with crossover
models and other multiparametric EOS. The liquid and vapor one-phase
isochoric heat capacities, temperatures, and saturation densities were mea-
sured by using the quasi-static thermograms technique. A small effect
(within 0.5%) of thermal decomposition of methanol on the measured val-
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ues of the isochoric heat capacity is observed at high temperatures (above
453 K), while the effect of decomposition on the phase-transition tem-
perature is significant (within 0.25K for the near-critical isochores). The
critical parameters (critical temperature and critical density) were derived
from Cy measurements using the quasi-static thermograms technique for
the phase-transition curve near the critical point. The measured results
were used to analyze the critical behavior of the isochoric heat capacity
of pure methanol in terms of the scaling theory of critical phenomena.
The asymptotic critical amplitudes of A(J)r Ay, and By of the scaling laws
were calculated from the measured values of Cy and saturated densities.
The experimentally derived values of the critical amplitude ratio for Cy
(A(J)r /Ay) are in good agreement with values predicted by scaling theory.
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