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ABSTRACT

As part of a continuing study of the critical and supercritical phenomena in fluids and fluid mixtures, one- (Cy,,)
and two-phase ( Cy, ) isochoric heat capacities, densities ( pg) and phase-transition temperatures ( 7 ) of benzene

were measured in the critical and supercritical regions. Measurements were made in the immediate vicinity of the
liquid-gas phase transition and the critical points in order to accurately determine of the phase transition properties

(I, ps,Cy,, and Cy, ). The measurements cover the temperature range from (347 to 616) K for 10 liquid and

vapor isochores between (265 and 653) kg-m™ at pressure up to 7.5 MPa. The measurements were performed
using a high-temperature, high-pressure, nearly constant-volume adiabatic calorimeter. The standard uncertainties

of the density, temperature, and isochoric heat capacity, C,,, measurements are estimated to be 0.1 %, 0.02 K,

and 1.5 %, respectively. The measured one- ( Cy,, ) and two-phase ( C,;, ) isochoric heat capacities along the critical
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isochore and the saturated liquid ( pg) and vapor ( pg) densities near the critical point were used to accurately

estimate the theoretically meaningful asymptotic critical amplitudes ( 4, and B, ) and related amplitudes for other
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properties (I, D,,&,), and their universal relations, 4}/ A, , A'T; B,ad.T; B;*, DTy B, (f{ 0 J :
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Saturated liquid and vapor densities ( s, Ps) together with measured two-phase C,, data were used to estimate

the values of asymmetric parameters a, (complete scaling parameter) and b, of the coexistence curve singular

diameter. Experimentally determined asymptotical critical amplitudes ( A(;’r and B,, fluid-specific parameters) were
used to check and confirm the predictive capability of the universal correlation in terms of their dependence on
the acentric factor @ based on the generalized corresponding states principle. The measured values of two-phase

C,, as a function of the specific volume V along various isotherms were used to calculate second temperature

2
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derivatives of vapor pressure i and chemical potential jﬁl and to estimate the value of Yang-Yang anomaly
T

T2

2
strength parameter R, = -0.683 for benzene. The contributions of the vapor pressure,C,, = V.T C(ll TPQS

, and the

2
chemical potential, Cy, =-T dTél, to the measured total two-phase C,,, were derived from the measurements.

Keywords: adiabatic calorimeter; benzene; critical amplitude; critical point; isochoric heat capacity; Yang-Yang

anomaly
Introduction

The present work is a continuation of our recent experimental studies [1-11] of the isochoric heat capacity
and theoretically-significant derived properties for near- and supercritical fluids and fluid mixtures at high
temperatures and high pressures. The chief objective of the present work is to provide reliable experimental

isochoric heat capacity, saturated density and temperature data, and physically meaningful parameters such as



asymptotical critical amplitudes of heat capacity ( 4, ) and saturated densities (B,) and related asymptotical
critical amplitudes for a total of eight properties, namely (compressibility Iy =0.058B§ /ad, , chemical
potential D, =1.69/T; B, and correlation radiusé; = 0.266(vc /ady )1/3 [12]) and the relations 4, /A4, ,

ady

Ve
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ATS B a4, T B;>, DIy B(f - §0[ J , which can be predicted by the scaling theory of critical phenomena

[13-18]. In addition, the experimentally determined asymptotical critical amplitudes ( AOi and B, ) of benzene were

used to confirm the predictive capability of a universal correlation [12] in terms of their dependence on the acentric

factor @ based on the corresponding states principle. The measured two-phase C,, data were used to derive

2

2
properties such as second temperature derivatives of vapor pressure (317{325 and chemical potential j"; and the
T

Cy,

c which defines the contribution of the
+

closely-related Yang-Yang anomaly strength parameter R, =

CVP Vi

2
d "21 ) to the two-phase singularity of the heat capacity at the critical point. That

chemical potential (CVu =_T T

d’P,

singularity has two parts, Cy,=C,+C,,, where C, =V.T e is the vapor pressure part of the two-phase

isochoric heat capacity. The present results will considerably expand the ranges of temperature and density in
which isochoric heat capacity data for benzene exist and will provide reliable heat capacity and density data at

saturation. In the present study we have measured one- and two-phase C,, for benzene along 10 liquid and vapor

isochores around the critical density (305.14 kg-m™) over the temperature range from (347 to 616) K.
Measurements were made using a high-temperature, high-pressure nearly constant-volume adiabatic piezo-
calorimeter. In several of our previous publications [1-11,19-30] this apparatus was used for simultaneous
measurements of the PV'T and heat capacity of pure fluids (light and heavy water, hydrocarbons, carbon dioxide,

nitrogen tetroxide, ionic liquids, main components of biofuels, efc.) and binary mixtures (H20+D-O,
3



H>;O+ammonia, HxO+alcohol, H>O+salt, HoO+n-alkane, CO>+n-decane, IL+n-hexane, nanofluids, ezc.) in the
critical and supercritical regions. In this work we used the same apparatus, without modification, to measure the
isochoric heat capacity of benzene in the one- and two-phase regions in the immediate vicinity of the critical and
phase transition temperatures.

A survey of the literature reveals that there are very limited (only three) isochoric heat capacity sources
[19,31,32] for benzene in the critical and supercritical regions. Existing isochoric heat capacity data for benzene
not only cover just a limited range of temperature and pressure, but also exhibit large uncertainties and
inconsistencies. The measurements by Gamidov [31] were made using the same method as in the present work,
high-temperature and high-pressure nearly constant-volume adiabatic calorimeter and covered the temperature
range from (300 to 620) K for 30 isochores between (103.9 and 854.7) kg-m™ at pressures up to 70 MPa. However,
those measurements by Gamidov [31] lack reliability for modeling. In another work, Chirico and Steele [32]

reported high-temperature two-phase isochoric heat capacities (within 25 K of 7. ) for benzene as measured by a

differential-scanning calorimeter (DSC).The measurements were performed in the two-phase region at four
constant densities (167.99, 191.69, 359.8, and 411.56) kg'm™ over the temperature range from (310 to 570) K.

The measured properties (Cy,, Vs, Py ) were used to determine the saturated heat capacity, C,, , as a function of

sat 2

d*u

temperature. The measured data were used to calculate second temperature derivatives of chemical potential, —=
T

. In order to compare with Ref. [32], we recently reported results [19] of our preliminary analysis of C, for
benzene along four near-critical isochores (between 300.69 and 336.24) kg'm™ at temperatures close to phase-
transition points. The present work should extend previous C,, data, especially the values of phase transitions ( 7§
, P, ps) and the critical (7., P., p.) properties. A total of 1077 saturated liquid density and 22 saturated vapor

density data are listed in the NIST/TRC Source Data Archive for benzene [33]. Most reported data for benzene

cover ranges of conditions that are far from the critical point. All available saturated properties data for benzene



from the NIST/TRC archive were used to compare with the present results and to confirm their accuracy,

reliability, and thermodynamic consistency. Thus, the main objective of the present work is to provide a new set

of precise experimental isochoric heat capacity (C, ), saturated liquid and vapor density (T, ps, o )data for
benzene over a wide range of temperatures and pressures, which cover the one- (C,,) and two- (C,, ) phase

regions, liquid-gas coexistence curve, critical region and supercritical region. In the present study, we focus the
measurements on the immediate vicinity of the phase- transition and the critical regions in order to accurately

determine phase- transition ( 75, P, ps) and critical properties (7., P, p.- ). In addition, we have developed wide-

ranging theoretically-based scaling-type correlations for the measured and derived properties (heat capacity,
saturated densities) of benzene based on a complete scaling theory of critical phenomena. All available reported
saturated liquid and vapor densities of benzene together with the present measurements were comprehensively
evaluated and critically analyzed for their accuracy, reliability, and thermodynamic consistency. This work is a
part of a continuing study of the thermodynamic properties of fluids and fluid mixtures in the critical and
supercritical regions at high temperatures and high pressures.

We consider an understanding of the properties of near- and supercritical fluids to be important from both
a fundamental and a technological viewpoint. Near- and supercritical fluids have a broad range of potential
technological applications. A deeper understanding of the microstructure and thermodynamic properties of
supercritical fluids will lead to marked improvements in industrial applications of supercritical technologies for
environmental, mechanical, chemical, biological, and geothermal industries. Therefore, new thermodynamic
studies of the properties of supercritical fluids are of great importance. For example, it is well-known [34] that
supercritical fluids can serve as attractive media for chemical reactions. The thermodynamic and transport
properties of supercritical fluids lie between those of a gas and those of a liquid and they may provide a tunable
reaction medium. As an example, polystyrene degradation reactions in supercritical benzene have been studied

by Karmore and Madras [35] at p = 5.0 MPa; they reported that degradation rates at supercritical conditions are



greatly enhanced as compared to conventional degradation in solution. A fundamental understanding of the
degradation process of polystyrene in supercritical benzene will help process engineers to optimize operating
conditions that minimize costs of the process. Accurate thermodynamic data for near- and supercritical benzene
are needed for better understanding of the microscopic nature of the polystyrene degradation process in

supercritical benzene and other fundamental scientific and technological applications.
Experimental

Material

The benzene sample (CAS # 71-43-2, C¢Hg, product number TU 2631-107-44493179-07, M =78.114
g-mol™!), used in this work was supplied by chemical reagents production company AO EKOS-1 (Moscow,
Russia)'!. The supplier furnished its purity assay >0.998 weight fraction with water content of 0.02 mass %.
Table 1 summarizes this information.
Isochoric heat capacity, saturated liquid and vapor density measurements

An experimental apparatus [1-11,19-30] for simultaneous measurements of the heat capacity C, and

density (PVT) of fluids and fluid mixtures at high temperatures (from room temperature to 700 K) and at high

pressures (up to 60 MPa) was used to obtain accurate measurements of the isochoric heat capacity C, and phase

'

transition properties (saturated temperature T, saturated liquid p; and vapor pg, one- C.,, and two- C,,,phase
liquid and vapor C,,and C,,heat capacities at saturation) of benzene. The method is based on combining two

well-known techniques, that is the constant-volume piezometer for density measurements and the high-
temperature and high-pressure nearly constant-volume adiabatic calorimeter for heat capacity measurements.

These two techniques have been combined into the measuring cell of our piezo-calorimeter [1-11,19-30]. The

fCommercial equipment, instruments, or materials are identified only in order to adequately specify certain procedures. In no case does
such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply
that the products identified are necessarily the best available for the purpose.



construction of the measuring cell, procedure of measurements, and the uncertainty analysis has been described
in detail in our previous publication [1-11,19-30]. In the present work, the same apparatus (without modifications)
was employed for isochoric heat capacity measurements of benzene. Only a brief review of the technique is needed
here. The adiabatic conditions were reliably maintained in this calorimeter using a layer of a semiconductor (CuzO,
highly sensitive thermo-element) between the thin-walled inner spherical vessel and thick-walled outer spherical
vessel. The cuprous oxide semiconductor (Cu20) layer between the inner and outer vessels serves as a sensor that
detects deviations of the system from adiabatic conditions. This system detects extremely small temperature
differences (10 to 10~ K) between the inner and outer calorimetric vessels. The heat that is released by the micro-
heater located in the calorimeter (inner vessel) is used to heat just the fluid immersed inside the inner thin-walled
vessel of the calorimeter and a thin layer of semiconductor (CuO) that directly adjoins the inner vessel. Since

Cu20 has a small thermal conductivity (A~ 2.09 W-m'-K™") use of this semiconductor leads to negligibly small

heat losses by conduction, which can be readily estimated by AQ, . = 1 AdT St , where A is the thermal conductivity

of Cu20,4T is about 10 K, d is the thickness of the cuprous oxide layer, S is the surface area of the cuprous oxide
layer, and 7 is elapsed time. The out-of-balance electrical signal from the integrating thermo-element (Cu20) is
applied as the input of an amplifying micro-voltmeter whose output feeds a high-precision temperature regulator
(HPTR) which controls the power to the inner and outer heaters. Simultaneously, the layer of semiconductor
(Cu20) between the inner and outer spheres plays the role of a differentiating medium transmitting pressure to the
high-strength outer shell and as a highly sensitive thermo-element that serves as a sensor that detects deviations

from adiabatic conditions as determined by temperature differences between the inner and outer calorimetric
spheres. Therefore, this method, in contrast to a vacuum adiabatic calorimeter, allowed us to measure the C,, of
fluids at high pressure (up to 100 MPa) and at high temperature (up to 1000 K) as described in Ref. [36].

In this method, the heat capacity is obtained from the measurements of the mass of a fluid, m, inside the

calorimeter; the electrical energy released by the inner heater, AQ = IUr, where U and [ are the voltage drops

7



across the heater and the current passing through the heater, respectively; 7 is the heating time; the temperature
change, AT, resulting from addition of an electrical energy AQ ; and the empty calorimeter heat capacity, C,, . The

values of the empty calorimeter heat capacity C,were determined using a calibration procedure. For this

calorimeter the average value of C, is about 190 J-K™!, which is much lower (C,<<mC,) than the total heat

capacity of the system [calorimeter + sample]. The density of the sample at a given temperature 7 and pressure P

was calculated from the simple relation p = m/ V., where m is filling mass of sample in the calorimeter and V;

is the temperature- and pressure-dependent volume of the calorimeter [37]. The volume of the calorimeter at the

reference temperature 7; = 293.65 K and atmospheric pressure (101 kPa) is ¥, =102.51£0.01 cm®.The value
of V;; was measured using the density of a standard fluid (high purity water) with well-known PVT values

(IAPWS standard, Wagner and Pruf} [38]). The standard uncertainty u of the calorimeter volume V. at a given

temperature and pressure was about 0.025%. The uncertainty of the sample mass m was estimated to be 0.003%.
The uncertainty of temperature measurements was 0.04 K. A detailed uncertainty analysis of the method (all of

the measured quantities and corrections) is given in our previous publication [20]. Based on a detailed analysis of
all the sources of uncertainties likely to affect the determination of C, with the present system, the standard

uncertainty of the heat capacity measurements, with allowance for the propagation of uncertainty related to the
departure from true isochoric conditions of the heating process, is estimated to bel.5 %.

The heat capacity was measured as a function of temperature at nearly constant density, which is a quasi-
isochoric path. The calorimeter was filled at room temperature, sealed, and heated along a selected liquid or vapor
quasi-isochore. Each run was normally started in the two-phase (L+V) region and completed in the one-phase
region, liquid (L) or vapor (V) depending on the filling factor. Between the initial two-phase (L+V) and the final

single-phase (L or V) states, the system undergoes a liquid-gas phase transition at temperature 7 for each fixed

density p (L or V). Therefore, this method enables one to determine the transition temperature 73 as a heat
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capacity abrupt point (abruptness in the heat capacity, AC,, = C,,, — Cy,,value) and reliable one- (Cy,) and two-

Vi
phase (C,,,) liquid (’) or one-(Cy,) and two-phase (C,,) vapor (") heat capacities at saturation for each fixed
quasi-isochore (liquid pgor vapor pg). Also, the temperature behavior of the heat capacity was monitored using
the quasi-static thermogram technique (reading of PRT, 7 —7 plot at isochoric heating of the sample). The
magnitude of the thermogram slopes, (dT /d Z') , changes before and after the phase- transitions are proportional to
the heat capacity jump AC,, , which diverges at the critical point as AC,, o (T -T. )_a [39,40], where o =0.11

is the universal critical exponent of the isochoric heat capacity. This makes it easy to detect any types of phase-
transitions (L-L, L-S, L-V, S-V) occurring in the system near the phase- transition points (even for weak phase-

transitions phenomena) [41-49]. Therefore, at the same calorimetric experiment we can accurately measure
isochoric heat capacities in the one- ( C, -liquid, C.,, -vapor,) and two-phase regions ( C,, -liquid, C.,, -vapor) and
the saturated liquid ( o4 ) or vapor ( ps ) densities at a given temperature at phase transition point, 7 . The method
was also successfully used for simultaneous measurements of the vapor pressure ( £ ), one-phase PVT properties,
and the thermal -pressure coefficient () by supplying the calorimeter with a calibrated tenso-transducer (a

piezo-calorimeter, see details in our previous several publications [50-53]).
Results and discussion

One- and two-phase isochoric heat capacities

Measurements of one- and two-phase isochoric heat capacities, C,,, for benzene were made along 10 liquid

and vapor isochores between (265 and 653) kg-m™ as a function of temperature from (347 to 616) K at pressures

up to 7.5 MPa. In total, 789 C,, measurements were made in the one- and two-phase regions. A total of 10 one —
phase (Cy, liquid, C,,, vapor) and 10 two-phase ( C., liquid, Cy, vapor) heat capacities at saturation, and 10 liquid

( ps) and vapor ( pg ) densities were measured on the liquid-gas coexistence curve. Most measurements were made



in the immediate vicinity of the phase transition temperatures from two— to one—phase sides for each of the studied
isochores to precisely determine the phase boundary properties (T, P, P, Cyy s Cyy > Cys» Cy, ). Some selected
experimental values of temperature, density, and isochoric heat capacity (one- and two-phase) for benzene are
presented in Table 2 and depicted in Figs. 1 to 6 in various projections (C, - T, C, —p, Cy,—T, Cy, =T, and
C,, = V). Measured values of heat capacity (C,,,Cy,,C,,,Cy,) and densities (T}, ps,ps) at saturation for
benzene are given in Table 3. Figure 2 shows the temperature dependence of the measured C, along the various

selected near-critical liquid and vapor isochores in the one- and two-phase region in the immediate vicinity of the

phase transition temperature 7 together with the values calculated from the reference fundamental equation of
state by Thol et al. [54] as implemented in REFPROP [55]. The temperature dependence of the measured C,,

along the experimental critical isochore of 306.7 kg-m™ is shown in Fig. 1 together with the values calculated
from a scaling —type equation (see below Eq. 6). As one can see from Figs. 1 and 2, for each measured isochore (

p ), the two-phase C,,, drops discontinuously (abruptly decreases) at the phase transition temperatures (7 ), to a
value corresponding to that of the liquid or vapor in the one-phase region, C,,,. For increases of the temperature
(after phase transition temperature, 7' > T, in the one-phase region) at high temperatures (around580 K, see Fig.
2 isochores 282.96, 293.82, 310.36, 336.24, and 358.72 kg:m™) C, is shown to decrease with temperature until it
passes through a minimum around 580 K after which C,, increases slowly with temperature. These minima are

very clearly pronounced at high temperatures (around580 K). The existence of minima can be explained by a

competition of an increasing contribution of the ideal gas part heat capacity C,, (T ) which increases steadily as a
function of temperature and a decreasing contribution of the effect of critical-region fluctuation on the total

experimental heat capacity. The temperature dependence of the measured two- (C,,C,,) and one-phase ( Cy,,

Cy,) liquid (')and vapor (") heat capacities along the saturation curve are shown in Figs. 3 and 4 together with
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isochoric heat capacity jumps for the liquid (AC, = C,, —C,,) and vapor (AC,, = Cy, — C,,) isochores. These
figures also include the values of heat capacity calculated from the reference equation of state for benzene [54].
The magnitude of the isochoric heat capacity jump, AC, and AC,, depends on density (therefore, on phase
transition temperature). For near-critical isochores the values of the isochoric heat capacity jump, AC,,, are quite
large. As one can see from Figs. 3 and 4 (right), near the critical point AC,, — +oo diverges as C,,, o (T -T. )7‘1

as scaling theory would predict [39,40]. Scaling theory informs us that the isochore that displays the maximum
jump is closest to the true critical density; this interpretation is unique to this type of numerical data. As was

mentioned above, this feature of the AC, — +oobehavior at the critical point is based on the quasi-static

thermograms technique for precise measurements of the phase transition temperatures, i.e., as a very sensitive
tool for study of the critical phenomena. This idea was used in the present and our previous publications [1-11,19-
30,41-53] to study the phase transitions (L-L, L-G, L-L-G, L-L-S, L-G-S, etc.) and critical phenomena in pure
and complex multicomponent thermodynamic systems. The measured two-phase C,, as a function of specific
volume V for various near-critical isotherms are depicted in Fig. 5. As one can note, the measured two-phase (

Cy, — V) isotherms are linear functions of specific volume, V, as predicted by established theory [56]. As will be
shown below, two-phase C,, provides theoretically important information about phase-transitions and the critical
point. Isochoric heat capacity C, along each selected isotherm starts in the one-phase region and reaches the
saturated liquid specific volume, V;=1/py, at the L-G saturation curve with the value of one-phase saturated
liquid heat capacity of C,, (left side of Fig. 5) then abruptly increases to the two-phase saturated liquid heat
capacity Cy,. A further volume increase leads to a linear increase of the two-phase heat capacity Cy, (a line with
a positive slope) until the saturated vapor specific volume, ¥ =1/ p,, is reached and the two-phase saturated
vapor heat capacity attains the value of Cy,,. Then as energy is added, C,,, abruptly drops to the value of one-phase

11



saturated vapor heat capacity C,, (right side of Fig. 5). Each isotherm (fixed temperature, 7') exhibits two C,, -

abrupt points (AC, and AC,, ) at saturated liquid (¥ ) and vapor (V5 ) specific volumes. Thus, the specific volume
dependence of the isochoric heat capacity exhibits a distinct behavior in various ranges of specific volume. For
all of our experimental measurements made between the specific volumes ¥ and V, (two-phase region), two-

phase isochoric heat capacity C,,, shows a perfectly linear behavior in keeping with theory [56], which is in fact

a concise measure of internal consistency. The isothermal two-phase C,, —V dependence provides significant
scientific information on the temperature behavior of the second temperature derivatives of the vapor pressure
and chemical potential as we will show. As Fig. 5 illustrates, the two-phase saturated vapor heat capacity C,,,

shows a turning point (a weak minimum) at a specific volume around = 4.5 cm*-g™!.For most simple molecular

fluids, such as noble gases (like Ar, Xe, Ne), no turning point has been observed. Conversely for substances with

more complex molecular structure, the turning point is found far from the critical specific volume V. and is very
weakly pronounced. The location of the turning point plays an important role in the Yang-Yang anomaly strength
parameter R, determination (see, for example, Ref. 9), i.e., it defines the temperature behavior and the contribution
of the second temperature derivatives of the vapor pressure and chemical potential to the measured total two-
phase heat capacity C,,, near the critical point. The slope of the C, —V lines increases rapidly as the critical
temperature (see Fig. 5) is approached. When the temperature (isotherm) approaches to the critical value, the
difference between the saturated specific volumes of liquid ¥ and vapor V phases decreases, and finally for the
critical isotherm (7 = Ty, )the specific volumes of the saturated liquid and vapor phase become identical, V=V =
V. (see Fig. 5).

Figure 6 shows the density dependence of the measured one-phase C,, along three selected supercritical isotherms

together with the values calculated from the reference fundamental equation of state [54]. Symmetry of critical

12



enhancement of heat capacity is important to a full theoretical understanding of complete scaling and is the subject
of intensive study. From Fig. 6, it is noted that as the temperature approaches the critical temperature, the
isotherms appear to become increasingly symmetric about the peak as predicted by theory [57]. One-phase

isochoric heat capacities also provide valuable theoretical information on the temperature derivatives (az P/orT? )p
of fluids in the supercritical region and at the high densities of= 2p... For example, it is well-known [26,58-67]
that one-phase C,, — p dependence provides very useful information on the qualitative behavior of the P-T
1sochores curvature, (82 P/oT’ ) ,, e, the qualitative behavior of the thermodynamic surface PVT near the
critical point. The second temperature derivatives of pressure, (82 P/0T’ )p, and vapor pressure, (dzPS /de), for
benzene can be directly calculated from the present measured values of C, in the one-phase region as a first

density derivative, (0C, /dp), and the two-phase liquid (C,;,) and vapor C,,, measurements at saturation as

() -4(5)
or*) T\ dp ),

dzPS — C{;Z _C{lz ) (2)
ar> T(v"-v')

Thus, one- and two-phase C, measurements as a function of specific volume (or density) are defining the real
curvature of the P-T isochores ( PpT surface) near the critical point, (82P/ or’ )p and vapor pressurePS(T )curve
(dZPS /dTZ), the near- and supercritical regions. Figure 6 demonstrates that the sign of the (azp/ oT 2)p changes

from positive (below p.) to negative (above p.) around the critical density, depending on the supercritical

isotherms. This means that the C, — p isotherms show a maximum around the critical density along the
supercritical isotherms (see Fig. 6). As one can see from Eq. (1), the locus of the C, extrema, (6C, / 6,0)T =0

coincides with the locus of the P-T isochore inflection points, where (82P/ oT’ )p =(0C, /9p), =0 [26,58-67]. The

13



location of the C,, maxima or P-T inflection points is changing with increasing temperature (see also our previous

publication [58]). Therefore, PV'T data together with C, /'T measurements provide useful theoretical information
to develop a functional form of the fundamental equation of state which correctly accounts for non-classical
(scaling) C o« (T -T. )7“ ,wherea = 0.11, behavior of the isochoric heat capacity and tests the predictive

capabilities of various theoretical models. Thus, the asymptotic scaling behavior of the temperature dependence

of pressure along the critical isochore near the critical point should be as AP(pC , t) oc t77*, where t=(T-T.)/T.. This
means that the pressure and it first temperature derivative, y,, = (aP/ oT )V , remain finite at the critical point, while

the second temperature derivative, (82P/ oT*? )pc, diverges weakly asC,, i.e., (82P/ oT 2) o t™* Both

Pc

(dZPS /0T 2) and (82P/ oT? )Pcderived from C, measurements exhibit infinity at the critical point as oc ™

(scaling behavior). Therefore, the curvature parts of the equation of state AP(p,T ), and the vapor pressure
equation, AP (T ), should be non-analytical functions of temperature at the critical point. Also, supercritical
extrema (maxima and minima curves) of C, define the high-order phase transition phenomena in supercritical

fluids where the structure of supercritical fluids dramatically changes. Thus, isochoric heat capacity is quite
sensitive to structure. Then it would not be surprising that this property can help us study microscopic behavior
of a system and gain a deeper understanding of the physical nature of supercritical phenomena. A deeper
understanding of the microstructure, thermodynamic and transport properties behavior of supercritical fluids will
lead to a marked growth in industrial applications of supercritical technologies for environmental, mechanical,
chemical, biological, and geothermal industries [68-73].

The present two-phase isochoric heat capacities were used to calculate the values of the saturated liquid heat
capacity C

to compare with the data reported by Chirico and Steele [32]. The measured two-phase heat

sat

capacitates C,,, were converted to C_, by means of the thermodynamic relation,

sat
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dV, \ dP.
C,=Cy,+T|—=| =, 3
sal V2 (dT J[de ( )

o dP. : ) .
where the temperature derivative [a’;] was directly measured in the present work (these data together with the

d
PVT measurements will be published separately), while the values of [d—;j were calculated from the present

saturated specific volume data ¥V (T ) The derived values of the saturated liquid heat capacity C_, (Eq. 3) together

sat

with the data reported by Chirico and Steele [32] and Oliver et al. [74] are depicted in Fig. 7 together with the

values calculated from reference equation of state [54]. As one can see from Fig. 7, the present results for C_,

derived from direct measured two-phase C\,,are in excellent agreement (deviations within 2 %) with the reported
data by Chirico and Steele [32] and Oliver et al. [74]. This provides one confirmation of the reliability of the
present measurements ( Cy,, Vs, Vs ) for benzene.

The measured two- and one-phase isochoric heat capacities for benzene were compared with the values
calculated from the reference fundamental equation of state [54] and shown in Fig. 8. Deviation statistics for two-
and one-phase isochoric heat capacities for each measured isochore are given in Table 4. Table 5 presents
deviation statistics between the measured and calculated values [54] of heat capacity and density at saturation. As
can be seen from Table 4, for liquid isochores (far from the critical density), measured two-phase C, is
systematically lower than calculated values by AAD=3.5 %, while for vapor isochores (below 310.36 kg-m™,
including near critical isochores) the AAD falls within the range from (0.92 to 1.67) %. Since the equation of state
has an analytical form, it was not a surprising that two near-critical isochores of (336.24 and 310.36) kg-m’
3showlarger deviations with an AAD=4.7 %. Therefore, measured two-phase isochoric heat capacities are in fair

agreement with values calculated from reference equation of state [54]. Overall, measured liquid-range one- (C;n
) and two-phase (C;Q) heat capacities deviate from calculated values [54] with AAD=2.8 % and 4.4 %,
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respectively. Peak deviations up to 6.2 % and 70 % were shown for vapor-range two— (C;Z) and one—phase (c(]1

) heat capacities, respectively. As expected, the non-scaling type multiparametric reference equation of state [54]
does not closely predict isochoric heat capacity of benzene in the immediate vicinity of the critical point and in

the supercritical region.
Saturated liquid ( p;) and vapor ( p;) densities and phase transition temperatures (7 ). Liquid-gas

coexistence curve asymmetry and Yang-Yang anomaly strength parameter.

The phase transition temperatures (7 ) derived from the present C,, discontinuities (derived from the quasi-

static thermogram technique, see Figs. 1 and2) for each measured liquid and vapor isochore. They are depicted in

Fig. 9in aTy- pg projection together with the reported data from the NIST/TRC archive [33]. A detailed view of

the top of the coexistence curve in the immediate vicinity of the critical point is depicted in Fig. 10. The same
saturated liquid and vapor densities and temperatures are presented in Table 3. As mentioned above, the isochoric

heat capacity exhibits a discontinuity upon intersecting the liquid-gas phase-transition temperature (see Figs. land

2) for each measured isochore. Also, the phase-transition temperatures 7 (p) for each measured liquid and vapor
density (isochore) p very clearly exhibit break points of the slopes, (dT /d Z') , on the thermograms. This
observation is due to large differences between the two- and one-phase heat capacities, AC, =C,, —C,, , which

is proportional to the thermogram slopes difference before, (d7/dT )VTS_O, and after, (d7/dT )VTS+O, the phase

transition, AC, :k[(dz'/ dT )VTS_O—(dT/ dT )VTS+0].These observations provide new results that confirm the

reliability of the method and of the measured saturated density data for benzene. For liquid isochores that were

far from the critical isochore, phase-transition temperatures 7y (p)were confirmed by using the quasi-static

barogram break points (P-7 isochore break points technique). We have compared the measured saturated densities

from this work with those calculated from the reference equation of state [54] for benzene (see deviation statistics
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in Table 5). As shown in Table 5, the AAD for saturated liquid density ( p's) is 0.35 % in the immediate vicinity

(within 1 K) of the critical temperature, while far from the critical temperature the AAD is 0.07 %, which is below
the experimental uncertainty. Larger deviations up to 0.81 % were found for saturated vapor density in the vicinity
of the critical temperature, while far away from the critical temperature the AAD is 0.15 %, which is below the
experimental uncertainty.

The measured liquid-gas coexistence curve densities in the critical region together with reported data were
interpreted in terms of complete and incomplete scaling theory [75-77]. The complete scaling theory developed

by Fisher and Orkoulas [75] showed that the strength of the Yang-Yang critical anomaly parameter,

— Y (see below) can also be determined as R

= = a, /(1+a,), where the pressure mixing coefficient
Cyp +Cy,

i u

a, 1s a system dependent asymmetry coefficient of the liquid+gas coexistence curve diameter of real fluids. The
coefficient [75] @, induces a new more dominant singularity term (oc £*”~', where p=0.324) of the liquid+gas
coexistence curve diameter [76]. For real fluids R, # 0, which determines the details of the intermolecular
interactions (a,# 0). For incomplete scaling models, a,=0 and therefore R, =0. This also means that the
contribution of the chemical potential C,, to the measured total two-phase heat capacity C,, singularity is zero

(incomplete scaling results). As it was shown by Orkoulas et al. [77], the Yang-Yang anomaly strength parameter

R, is related to the asymptotic critical amplitude B, of the liquid+gas coexistence curve and the complete scaling

term amplitude B,by the relationshipR, = B, / B; .Therefore, the Yang-Yang anomaly strength parameter R, is

directly related to the singular diameter criticality and can also be estimated from the asymmetric coefficients (

B,and B,) in the coexistence curve or the coexistence diameter singularity. In the present work, saturated liquid
and vapor density data (T}, ps,and pg ) near the critical point for benzene, determined from these calorimetric C,,

experiments, were used to estimate the Yang-Yang anomaly strength parameter, R, .
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According to renormalization group theory [78] (incomplete scaling) of liquid-gas critical phenomena, the
first temperature derivative of the coexistence curve diameter, (dp,/dT ), where p;, = (ps + pg )/ 2p., diverges as
the isochoric heat capacity ¢ (see Refs. [77,79,80]). The theory of complete scaling [75,77,81] predicts a (
23 —1) size anomaly of the coexistence curve diameter singularity, (dp, /dT )oc t**7', i.e., liquid-gas coexistence
densities can be represented by

Ap=+Bt’ + Bt"™* + Bt - Bit+ B,t”” (4)
where B, are the system-dependent critical amplitudes. In Eq. (4),+ B¢’ is the asymptotic (symmetric) term,

+ B,t”*"is the non-asymptotic (symmetric Wegner’s correction) term, thl_“ is the weak singular diameter (the
first non-analytical contribution to the liquid-gas asymmetry predicted by incomplete scaling), B,t*” , is the non-
analytical contribution to the liquid—gas asymmetry (a new complete scaling term, more dominant diameter
singularity term), and Bitis the classical rectilinear diameter. Equation (4) was directly fitted to the present
measured saturated liquid and vapor densities ( Ogand 7g) without any constraints to system-dependent critical
amplitudes, B, (i=0,4).The derived values of fitting parameters (critical amplitudes) B, for benzene are:
B, =1.4934,B, =1.6265, B, =10.6661, B, =10.1289, and B, = —1.5225 .Therefore, the estimated Yang-Yang

anomaly strength parameter is R, = B, /Bj =—0.683. As one can see, the complete scaling parameter B, < 0 (it

carries negative sign) which means the contribution of the chemical potential to the measured two-phase C,, is

negative and C,, — —oo at the critical point. This is consistent with the positive divergence of the second

temperature derivative of chemical potential (d2 u/dT 2) which is derived from the heat capacity measurements.
The value of the system-dependent asymmetry parameter of the liquid-gas coexistence curve derived from

R, =a;/ (1+a,) is, a, =—0.406 . However, the values of the fitting parameters B, strongly depend on the fitting

temperature range and other details of the fitting procedure. Unfortunately, theory cannot predict the range of
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temperature where the complete scaling theory is valid. Therefore, the Yang-Yang anomaly strength (R, ) and
asymmetry parameter ( a, ) determined in this way have large uncertainties.
As one can see from Eq. (4), the effect of the Yang-Yang anomaly strength, R, =C, /(Cy, +C,, )or
R, = B,/ B, , on the coexistence curve diameter is given by [75-77,81-83]
po =1+ (Bt = Byt + B*), (5)
where the complete scaling asymmetry parameter can be defined as B, oc 4,/ 4, [75,76], where 4, and 4, are the
asymptotic critical amplitudes of the second temperature derivatives of chemical potential (d2 wu/dT? )oc A" and

vapor pressure (dzPs/de )oc A,t™, respectively. A Yang-Yang anomaly implies that the leading correction,

Py o B,t*” (the complete theory correction) would dominate the previously expected p, oc B,t'™ correction
[75,77,81-83] (incomplete theory correction), where 23 < (1— ). Therefore, the first temperature derivative of
the coexistence-curve diameter diverges as isochoric heat capacity (dp, /dT )oc 1~* and as predicted by complete
scaling (dp,/dT ) 277" (2 -1~-0.352), i.e., the divergence of the liquid-gas coexistence curve diameter is
shared by the two terms, the incomplete B,t'™* and complete B4t2ﬁ scaling terms, like the two-phase C,, divergence
consists of vapor pressure (C,;) and chemical potential (C,,) parts. In the present work we used the
simultaneously measured two-phase C,,and saturated liquid and vapor densities ( p;, and p;) for benzene to
estimate the value of the Yang-Yang anomaly strength parameter, R, through the asymmetric parameters a,
and B, as R, =a,/ (1 +a, )or R, = B,/ B; with some physically meaningful constraints on the values of B,, B,
, and B, (see below). The liquid+gas coexistence curve asymmetry near the critical point has been

comprehensively studied by Cerdeirifia et al. [76] and Losada-Pérez and Cerdeirifia [83].
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As shown earlier [84,85], the incomplete singular diameter (asymmetric parameter) B, and the classical
rectilinear diameter parameter B, in Eqs. (4) and (5) are directly related to the two-phase isochoric heat capacity

asymptotic critical amplitude 4, and the fluctuation-induced critical background parameter B, in the equation,

PR (1+47¢%)- i ©6)

where £, is the Boltzmann constant. The explicit relations (see below, Eq. 8) between the coefficients A, .8, B,

,B;, B, , and B, were studied previously by Wang and Anisimov [85]. The present one- and two-phase C, data for
benzene along the critical isochore (Table 2, see Fig. 1) were fitted by Eq. (6). The derived values of the critical

amplitude for benzene at (T > T,. ) are: 47 =3.0910, 4, =-28.7545, B =-2.5623 and for (T <T,) 4, =5.8963, 4,

=-7.5571, B, =-3.1754. It is very difficult to accurately estimate the value of the fluctuation induced critical

background parameter —<~ by using the fitting procedure because the empirical determination of the fitting
B

parameter strongly depends on the input data, i.e., on the fitting temperature range, weight of the experimental
data, efc. In general, the regular part of the scaling relation Eq. (6) contains the analytical classical term, the ideal
gas contribution, and the fluctuation induced regular parts, which are very difficult to identify empirically (Perkins
et al. [12]).

According to complete scaling theory, the coexistence curve diameter (Eq. 5) can be represented as [85]

a Ay B
—1= 3 Bth[i —b 0 t1—cx _ oy , 7
T N (i L @

where a; and b, are the system dependent asymmetry coefficients. The values of the coexistence curve

amplitudes ( B, , B;,and B, , Eq. 4) are related to the isochoric heat capacity parameters (4, and B

cr?

Eq. 6) as

[85]
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B, = b, e B,=—5

; , = B:. 8
i-a) k. g D ®)

As one can see from Eq. (8), the coexistence curve amplitudes (B,, B,,B;, and B,) depend on the critical
amplitude of the two-phase isochoric heat capacity along the critical isochore ( 4, ) and fluctuation induced critical

background term (B, ). It follows from Eq. (8) that the Yang-Yang anomaly strength parameter R, is defined

through the asymmetric parameter a;as R, =a,/ (1 + a3) or through a non-analytical contribution of the liquid—

n

gas asymmetry (a new complete scaling term B, ) and the asymptotic (symmetric) term By, R, = B, / B? . Thus, the

pressure mixing coefficient a, in the complete scaling theory can be directly determined experimentally by

simultaneously measuring both sides of the coexistence curve (saturated-liquid and saturated-vapor densities) near

the critical point and the two-phase isochoric heat capacity data (asymptotic critical amplitude of heat capacity,

4, and background term B, ). Equation (4) together with constraints (8) was applied to the present saturated-
liquid and -vapor densities (7, pg, p5 ) derived from the two-phase C, experiments for benzene in the critical
region. The derived values for benzene are B, =1.6714; B, =0.0306;a, =—0.4152; b, = —0.6393. As one can

see, the asymmetric parameter a, =—0.41521s close to the value of a; =—-0.406 derived (see above) from direct
fitting procedure (without constraints). In general, the singular diameter of the liquid-gas coexistence curve (Eq.

7) contains only two adjustable parameters a,and b, . As we can note, the asymmetry coefficients for benzene

both have a negative sign, a,< 0 and b, < 0. This means that the complete, s BZt**< 0 and incomplete,
a;

R
—b, —2 )z‘H >0, scaling terms in Eq. (7) have opposite signs (i.e., opposite contribution). Therefore, for

-

I-a

benzene the singularity of the coexistence curve diameter p,is shared between the incomplete ¢+~ and complete

t* terms. The contribution of the incomplete t'~* and complete t** scaling terms is depicted in Fig.11. As one can
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see, the singular diameter behavior is basically controlled by the complete scaling term ¢**. For benzene, the
coexistence curve diameter exhibits a considerable deviation from the rectilinear diameter in the immediate
vicinity of the critical point (see Fig. 11, right) because the contribution of the complete scaling term is dominating.

For some fluids, both asymmetric parameters a, and b, of the coexistence curve diameter are positive (see, for

example, n-pentane, n-heptane, SFs, and R-113) [93]. For these fluids, the contribution of the complete and

lI-a

incomplete terms is opposite (see Eq. 7), namely, #** is positive, and ¢ is negative. An opposite behavior, the
negative contribution of #** and positive contribution of #'~* terms, was found for neon, methane, nitrogen, ethane,
and hard-core square-well fluids [85].

Two-phase isochoric heat capacities and second temperature derivatives (dzPS /de) and (d2 u/dT 2) near

the critical point

For two-phase (liquid-gas coexistence phase) isochoric heat capacity, the Yang and Yang [56] relation is

2 2
Cu prdh

Co=T ar?’

€))

where C,,is the two-phase isochoric heat capacity and V is the specific volume. According to Eq. (9), the two-
phase isochoric heat capacity C,,is a linear function of specific volume } along each fixed isotherm 7, the slope
of which is equal to T(dzPS / de), while the intercept for V'=0 is equal to —T (d2 u/dT 2). Rapid increases of the
slopes of C,,, —V isotherms (see also Fig. 5), as the critical isotherm is approached, are the result of an increasing
second temperature derivative (dzPS/ de). It follows from Eq. (9) that the second temperature derivatives
(d213s/ dr 2)and (d2 1/ de)can be directly calculated from measured saturated two-phase liquid (C,,and V") and

vapor (Cy,and V") heat capacities and specific volumes as

dzps _ Cy —Cyy and dz:u _ V'cy, -V'C, (10)
ar* 1(v"'-v’) ar> (V' -v")
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where ) "and V"are the vapor and liquid specific volumes at saturation, respectively, corresponding to a given

temperature 7. The measured properties (75,7, Cy,,V",C,,) on the right-hand sides of Eq. (10) were used to
calculate the temperature derivatives (dZPS / de) and (d2 u/dT 2) for benzene. The derived values of the second
temperature derivatives (dzPs /dT 2) and (dz,u/ dT 2) as a function of temperature are depicted in Fig. 12 and

presented in Table 6. This figure also includes the values of (dzPS / de) calculated from the reference equation
of state [54] by twice differentiating the vapor pressure equation. We also used the Yang-Yang equation Eq. (9)

for different isotherms to directly fit the measured Cy,for calculation of the values of (dzPS /dT 2) and (d2 u/dT 2)
. As Fig. 12 demonstrates, the values of (dzPS /dT? )derived from the present two-phase C,, measurements rapidly
increase upon a near-approach of the critical point (showing singular behavior, C,, oc #* predicted by scaling
theory). Also, as can be noted from Fig. 12 (right), the values of (d2 u/dT 2)derived from two-phase C,,
measurements also positively diverge at the critical point like (dzPS /dT 2) as predicted by complete scaling theory

[75,77,81]. Figure 12 (right) also includes the values of (d2 ul/dT? )reported by Chirico and Steele [32] from two-

phase heat capacity measurements. As one can see, far from the critical point the agreement between the present
and published data [32] is fair, while near the critical point a discrepancy is shown. In fact, the measured data by
Chirico and Steele [32] monotonically and very slowly increase without evidence of an anomaly at the critical

point, which would be predicted by incomplete scaling theory [78]. The non-analytical vapor pressure equation

[54] correctly predicts the behavior of (dzPS /dT 2) near the critical point, although the leading asymptotic behavior
of (dzPS /dT 2) for this equation is (dzPS /dT? )oc ¢t*°, which differs from the theoretically predicted simple
power law behavior of (dzPS /dT? ) oc ¢! [39]. However, the vapor pressure equation in [54] can be successfully
used for practical applications. Thus, the second temperature derivative of vapor pressure (dzPS /dT 2) can be

accurately estimated from the two-phase C,, measurements and is in good agreement with the values derived from
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twice differentiating the vapor pressure curve over a wide temperature range that includes the critical point. Figure
12 (right) also demonstrates that the second temperature derivative of chemical potential, (d2 u/dT? ), derived from
the present two-phase isochoric heat capacity Cy, measurements, in contrast to the incomplete scaling theory

prediction, positively diverges at the critical point. Clearly, this disagrees with the correlation reported by Chirico
and Steele [32] in the immediate vicinity of the critical point, although far from the critical point qualitative
agreement is observed.

Yang-Yang anomaly strength parameter

It’s well-known [39,75,77] that two-phase isochoric heat capacity Cy, (left side of the Eq. 9) diverges at the
critical point as a simple power law C,, oc t~“ .Therefore, the right-hand side of Eq. (9) should also diverge as
oc ¢~ It is apparent that the divergence of Cy,could be caused by the divergence of either C\, or C,,, or both
of them in the Yang-Yang relation,

Cy, =Cy, +Cy, (11)

d*P, d*u

where Cy,, = VCTFZSis the vapor pressure contribution and C,, =-T 47’ is the chemical potential

contribution to the total measured two-phase isochoric heat capacity C,,. Therefore, as shown in Fig. 12, the
divergence of C,, for benzene is caused by the positive divergences of both derivatives, (dzPS/ dTr 2)and
(d2 w/dT 2). However, the contributions are opposite in sign at the critical point for Cy,>0, while for Cy, <0 is
negative. The temperature dependences of the vapor pressure Cy, and chemical potential C,, contributions to the
total measured two-phase heat capacity C,,are depicted in Fig. 13 and given in Table 6. The contribution of

(dzPS /dT 2) and (d2 u/dT 2)to the divergence of C,can be quantitatively estimated by the Yang-Yang anomaly

strength parameter R, (Yang-Yang anomaly in fluid criticality) near the critical point [81,83].The strength of the
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Yang-Yang anomaly R, was for the first time defined by Fisher and co-authors [75,77,81,82] as
R =41 (Au + 4, ) where 4, and 4, are the asymptotic amplitudes of the singularity of —T (d2 u/dT? )zApt""‘
and 7V, (dZPS/ dTr z)zAPt_“. According to the definition [77], the Yang-Yang anomaly strength parameter is

C
R, =lim LT £ The Yang-Yang anomaly strength parameter, Ru , measures the contribution of
20 Cy,p+Cy, 4, +4

0
the chemical potential C\,, to the total experimental two-phase heat capacity Cy, singularity relative to that of the

vapor pressure Cy,, contribution in an asymptotic limit (7" — 77.).In previous work [75,77], incomplete scaling
descriptions have been extended by introducing the pressure AP into the ordering field , = a,Au+ a,AT + a,AP
. Theoretically, the Yang-Yang parameter R is related solely to the pressure mixing coefficienta,or the
coexistence curve diameter asymmetry coefficient B,[75] (see above, Eq. 4 and 5), as R, =a, /(1+a3) or
(d2 u/dT? ) =—a,/ (1 +a, ), (Cy/T)=—a, (d ’p,/dT 2). The Yang-Yang anomaly strength parameter R, is anon-

universal (individual) parameter of fluids, therefore, its magnitude and sign strongly depend on molecular size,

shape and symmetry [75,77,82]. If R, =0, i.e., 4, = 0 the divergence of two-phase isochoric heat capacity Cy,

would be caused only by the divergence of VCT(dzPS/dTZ), while—T (d2 u/dT 2) would remain finite as

predicted by incomplete scaling theory [86-88]. This behavior was considered by Chirico and Steele [32]. On the

contrary, if R, #0, i.e., A, # 0, the divergence of two-phase isochoric heat capacity Cy,in Eq. (9) would be

caused by the divergence of either both derivatives or only by only — 7' (d2 u/dT? ) as predicted by complete scaling
theory [75,77,81]. A detailed study of the Yang-Yang parameter for various molecular liquids is presented in our
recent review [9]. In recent work [9,28] we have described a new method to determine the Yang-Yang anomaly

strength parameter R, , which applies measured two-phase saturated liquid ( C,,) and vapor ( C,,,) heat capacities
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and saturated liquid (77") and vapor (V") specific volumes at a fixed temperature (7') in a calculation with the

equation,

R = CVH S VCvz - Vilcllz :
g CVP + Cvu Cvz(V - Vc)_ Cvz(V - Vc)’

(12)

where we used relations Eq. (10) to calculate the values of Cy,and C,, . As shown by Eq. (12), the sign of the

Yang-Yang parameter R, is fixed by the sign of the numerator (V"C'V2 -V'c,, )because the denominator is always
positive because (Cy, >0,V >V,.,andV <V,.). When the temperature approaches the critical (T — T ), then
V' =V —V,., therefore, (V"C'V2 - V'Ci,z)—> Ve (C'V2 - C;2)< 0, because for all experimentally studied molecular
liquids two-phase vapor heat capacity C.,, is greater than two-phase liquid heat capacity C,, ,i.e.,C,, > Cy, . This
result implies that the Yang-Yang anomaly strength parameter R should be negative for benzene at all

temperatures. Further study is needed on fluids with different molecular structure to determine if a generalization

can be developed. The values of Yang-Yang anomaly strength parameter R as a function of temperature

calculated from Eq. (12) using the present two-phase isochoric heat capacity data near the critical point for

benzene are depicted in Fig. 14 and given in Table 6. As can be noted from Fig. 14, R negatively diverges as the

critical temperature approaches. Cerdeirina et al. [76] studied the Yang-Yang anomaly using a compressible cell
gas (CCG) model that obeys complete scaling with pressure mixing. They found that when the discrete local CCG
cell volumes fluctuate freely the Yang-Yang anomaly parameter R, may take any values between —ooand 0.5.

Therefore, our calorimetric (two-phase C,, ) measurements near the critical point for benzene clearly confirm the

prediction of the CCG theory proposed by Cerdeirifia et al. [76]. The fact remains that the value, the physical

meaning, the magnitude and even the sign of the R are not yet known with certainty. Therefore, present
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experimental results can be used to improve or confirm the physical basis of the complete scaling theory of the
critical phenomena.

The value of the Yang-Yang anomaly strength parameter R, =—0.683 was estimated from the present

saturated liquid and vapor density measurements using a direct fitting procedure (see above). For both methods

of R, determination (direct two-phase C, measurements, Eq. (12); saturated liquid and vapor density fitting, Eq.
4,7 and 8) the value of the Yang-Yang anomaly strength parameter for benzene is negative, R, <0, although the
absolute value is different. The negative value of R means that the mixing coefficient is negative, a;, <0, and its

absolute value less than 1, |a,| <1, and that the amplitude of the complete scaling term B, < 0 also is negative,

a;

1+a,

B, = B; <0 (for benzene is B, =—1.5225). It is a problem to accurately estimate the value of the

asymmetric parameter a, from fitting the saturated liquid and vapor densities to Eq. (4) with the restrictions of
Eq. (8), especially when inconsistent caloric Cy, (parameters 4,and B,) and saturated liquid and vapor density

(psand pg) measurements are used. Also, an empirical determination of the fitting parameter strongly depends

on the input data, for example, on the fitting temperature range, weight of the experimental data, etc. This could

explain why directly calculated values of R, from Eq. (12) using C,,, measurements and those calculated using

the fitting procedure with Eq. (4) are different. It is apparent that it’s impossible to obtain a value of negative

infinity for R by using a fitting procedure, although it is clear that the value of the asymmetric parameter a,
should be negative and very close to 1, i.e., in an ideal case it should be a, = -1, therefore, R L =as/ (l +a, ) — —00
, in good agreement with the direct method of the Yang-Yang parameter estimation from C,,, measurements using
Eq. (12). Thus, it is very likely that the asymmetric parameter a, is negative and very close to -1. This is in good

agreement with recent theoretical predictions by Cerdeirifia et al. [76]. Thus, the divergence of C,,in benzene is
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caused by the positive divergence of VCT(dzPS /dT 2) and by the negative divergence of — T (d2 u/dT? ); however,
the contribution of the vapor pressure parts Cy, is predominant over chemical potential parts Cvu . In previous

work, a negative value of the Yang-Yang anomaly strength R was determined for CO: (-0.35) [75,77], Ne (-
0.018), CHa4 (-0.024), N2 (-0.018), C2H4 (-0.0035) [83], and tert-butanol (-0.03) [44]. Numerical MC simulations

[82,89] of the hard-core square-well fluid also indicates that R is small but negative (close to zero). Orkoulas et

al. [82] estimated the value of the Yang-Yang anomaly strength parameter R, for carbon dioxide (-0.35) using

the values of (dzPS / de) and (d2 u/dT? )derived from our previously published two-phase isochoric heat capacity

data [90]. These results are very important to deepen an understanding of the physical nature of the two-phase
isochoric heat capacity singularity at the critical point and to further improve the complete scaling theory.
Asymptotic critical amplitudes of isochoric heat capacity and liquid+gas coexistence curve of benzene and
universal critical amplitude ratios

According to the scaling theory of critical phenomena [91,92], the thermodynamic properties of fluids near
the critical point exhibit the same singular asymptotic critical behavior as that of a lattice-gas. Scaling theory

correctly predicts the experimentally observed asymptotic thermodynamic behavior of fluids near the critical point
as an asymptotical scaling power law with universal critical exponents ( ¢ , ﬂ ,7,0,v)[12,39,91,92] and non-
universal (system-dependent) critical amplitudes (4;, B,, D,,T; ,&, ). The universality of scaling functions leads
naturally to the universality of the critical amplitude combinations [13,93-96]. According to the principle of
universality of the critical phenomena (universality of the scaling functions) only two amplitudes (4, , B, , for
example) are necessary to determine all other amplitudes such as (D,,I,,I[,,<,).Universal amplitude

combinations are key issues in the study of phase transitions, critical phenomena, and other related fields and are

very important for understanding of the current status of theory and experiment. According to scaling theory
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(universality principle), the critical amplitude ratios (4, / 4;, ATy By, D,y B, Ty /T, ) are universal, depend
only on universal critical exponents, and are associated with the universal scaling relations between the critical
exponents. The universal critical exponents of isochoric heat capacity (e~ 0.11) and liquid-gas coexistence curve
(8~ 0.324) and their non-universal asymptotical critical amplitudes ( 4y and B, ) play important roles in the theory
of critical phenomena and its practical applications to develop a scaling-type equation of state. For example, the

asymptotic critical amplitudes (4, and B,) together with other critical amplitudes (T, ,D,,&,) satisfy the

A aA; T . oo
universal relations [13-18,97,98] A—? =0.524[16,17], b§2 0 =0.058[18,97], D[ B =1.69 [97,98], and
0 0

1/3

aA+

§0[ ” g ) =0.266 [13-15] (see also Table 7). The values of other critical amplitudes such as T, , &,and D, can
C

be estimated using these universal relations and the present values of the critical amplitudes for heat capacity (

0.058B;

Ay =3.091) and the coexistence curve ( B,=1.6714) for benzene as I, = =0.477 (Iy =T,Z.=0.139,

0

where Z. =0.2925), p, = 1'6? _=0.491,and ¢, = 0-266(0‘A()+Vc )7”3 =0.16 nm, wherev. = N, p.is the molecular
0By

volume at the critical point. The values of universal critical amplitude ratios predicted by various theoretical
models [16-18,97-99] are presented in Table 7 together with the values derived from the present experimental
isochoric heat capacity and coexistence curve data for benzene. As one can see from Table 7, the agreement is

good. In an earlier publication, Perkins et al. [13] used a generalized corresponding states principle to develop a

correlation of the asymptotic critical amplitudes (4, , B,) in terms of their dependence on the acentric factore as
A, =5.58+794wand B,=145+121w. (13)

The values of the asymptotic critical amplitudes ( 4, and B, ) for benzene predicted from correlation Eq. (13) are

A, =7.255 and B,=1.705. The uncertainties of the predicted values of ( 4, and B,) are 15 % for 4, and 10 % for
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B,. These predicted values deviate from the present experimental values within 22 % for 4, and 2.0 % for B,,

i.e., close to their uncertainties.
Conclusions

New one- and two-phase isochoric heat capacity data for benzene were reported in the present work over
the temperature range from (347 to 616) K for 6 liquid and 5 vapor isochores between (265 and 653) kg-m™ at
pressures up to 7.5 MPa including the critical and supercritical regions. Also, measured two-phase heat capacities

C,, together with experimental temperature derivative of vapor pressure (dPS /dT ) and saturated specific volume

(a’VS /dT )were used to calculate other derived properties, such as saturated liquid heat capacity C  near the

sat
critical point. The values of the second temperature derivatives of vapor pressure (dzPS /dT 2)and chemical
potential (d2 u/dT? )were calculated as functions of temperature near the critical point by means of measured two-
phase heat capacity C,, and saturated specific liquid and vapor volumes. We experimentally found that both
(dzPS /dT 2) and <d2 u/dT 2) show discontinuities at the critical point. The discontinuity of (d2 u/dT 2) at the critical
point is consistent with the complete scaling theory prediction. Two distinct contributions (vapor pressure, Cyp ,
and chemical potential, CVu) to the measured total two-phase C,, values, using the well-known Yang-Yang
relation, were calculated. The derived Cy, and C,,, were used to estimate the values of the Yang-Yang anomaly

strength parameter R, as a function of temperature. It was shown that the sign of R, for all ordinary studied

molecular liquids is negative and a strong function of temperature near the critical point, i.e., sharply changes

when the critical temperature is approaching. Based on our experimental calorimetric data (Cy,,C,,,V",V") at
saturation we have shown that the Yang-Yang function R, (T)at the critical point (Yang-Yang anomaly parameter)

for benzene tends to take on large negative values (negatively diverges, R, —-o0) which means that the singularity
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of Cy,at the critical point is shared between the vapor pressure Cy, and chemical potential C,, . The measured
saturated liquid and vapor densities were used to calculate the asymmetric parameters a, and b, of the liquid +

gas coexistence curve (singular diameter). The asymmetry coefficientsa, = —0.4152 and », = —0.6393 for benzene

: : : o . a : .
are negative which means that the complete scaling contribution is negative —>— BZ¢* < 0, while the incomplete
a,

scaling contributions positive —b, -2 ¢"* > 0.For benzene, the singularity of the coexistence curve diameter

(1-a)

p,1s shared between the incomplete t'~* and completet® terms. We found that for benzene R, <0,a;<0 and

should be very close to -1.The measured values of one- and two-phase Calong the critical isochore and

liquid+gas coexistence curve densities near the critical point were used to estimate the values of the asymptotic

critical amplitudes (4, =3.091 and B,=1.671) and related amplitudes for other properties (D, =0.491,
I =0.139, and &, =0.16 nm ) using universal relations between the critical amplitudes.
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Table 1

Benzene sample (chemical formula CsHe, TU 2631-107-44493179-07)studied in this work.

Sample M (g-mol!) CAS # Source Purity H,O content
Benzene 78.114 71-43-2 AO EKOS-1 >(0.998 (mass fraction)  0.02 mass %
Table2

Measured temperatures (7, K), two- and one- phase isochoric heat capacities (Cy, kJ kg-K™), and densities (0,

kg-m™) of benzene for various liquid and vapor isochores in the critical and supercritical regions®

p =642.92 p =653.33 p=358.72 P =336.24 p =310.36
T Cy T Cy T Cy T Cy T Cy

409.26 2.038 368.52 1.891 395.05 1.967 416.43 2.117 357.74 1.928
409.37 2.034 368.63 1.891 395.16 1.968 416.53 2.118 357.85 1.929
409.47 2.043 368.74 1.892 395.27 1.989 416.63 2.118 357.96 1.930
409.57 2.032 368.85 1.870 395.37 1.969 416.74 2.119 358.07 1.931
409.68 2.030 368.96 1.872 395.48 1.970 416.84 2.120 358.19 1.931
409.78 2.036 369.07 1.876 395.58 1.970 416.94 2.113 358.30 1.932
410.01 2.036 369.18 1.878 395.69 1.971 417.05 2.121 358.41 1.933
410.20 2.037 369.29 1.894 395.80 1.971 417.15 2.121 358.53 1.934
452.30 2.201 369.40 1.895 442.32 2.154 417.25 2.122 378.80 1.987
452.60 2.191 369.51 1.895 442.62 2.155 417.36 2.122 378.90 1.988
452.89 2.192 369.62 1.885 442.72 2.161 479.96 2.456 379.01 1.988
453.39 2.194 451.31 2.187 442.92 2.211 480.05 2.466 379.23 1.989
453.68 2.196 451.41 2.175 443.02 2.180 480.15 2.456 379.34 1.990
453.78 2.189 451.51 2.179 443.11 2.174 480.24 2.457 379.67 1.991
453.88 2.186 451.61 2.183 443.21 2.158 480.34 2.467 379.78 1.991
474.61 2.276 451.71 2.176 483.30 2.390 480.43 2.447 416.12 2.158
474.71 2.276 451.81 2.177 483.40 2.448 480.53 2451 416.22 2.150
474.80 2.275 451.91 2.186 483.49 2.391 480.63 2.439 416.32 2.149
474.90 2.275 452.01 2.178 483.59 2.391 494.21 2.548 416.43 2.159
475.00 2.277 452.10 2.183 483.68 2.391 494.31 2.566 416.53 2.151
475.19 2.276 462.67 2.223 483.78 2.449 494.40 2.556 416.63 2.152
475.38 2.280 462.77 2.224 483.92 2.432 494.50 2.567 416.74 2.156
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475.48
475.67
475.77
476.06
476.20
476.48
476.82
476.92
477.02
478.17
478.26
478.46
478.55
478.65
478.74
478.84
478.93

2.278
2.282
2.280
2.279
2.284
2.280
2.286
2.281
2.282
2.287
2.289
2.293
2.292
2.289
2.294
2.291
2.293

462.87
465.39
465.98
466.17
466.56
466.85
466.95
467.72
467.82
467.92
468.01
468.11
468.21
470.19
470.53
47091
471.01
471.49
471.69
471.78
471.97
472.07
472.26
472.75
472.84
473.03
473.23
473.42
473.61
474.00
474.09
474.38
474.67
474.96
475.06
475.34
475.44
475.54
475.73
475.91*
475.91°
476.02
476.11
476.21
476.30
476.40
476.50
476.78
476.88
476.98
477.07
477.17
477.26
477.36
477.46
477.55

2.224
2.233
2.236
2.241
2.234
2.236
2.243
2.246
2.241
2.242
2.242
2.245
2.240
2.253
2.254
2.255
2.255
2.257
2.261
2.263
2.258
2.263
2.260
2.261
2.265
2.262
2.264
2.264
2.266
2.267
2.270
2.269
2.273
2.278
2.275
2.276
2.278
2.279
2.279
2.281
1.780
1.778
1.776
1.777
1.778
1.775
1.774
1.773
1.773
1.773
1.772
1.772
1.773
1.772
1.773
1.772

484.06
484.16
519.11
519.29
519.38
519.47
519.57
519.66
519.94
520.03
556.78
556.87
556.96
557.13
557.22
557.40
557.49
557.58
559.31
559.57
559.75
559.84
559.93
560.02
560.11
560.20
560.55
560.64
560.73
560.82
560.91
560.99
561.08
561.17
561.26
561.35°
561.35"
561.39
561.44
561.53
561.62
561.71
562.15
562.24
562.33
562.77
568.12
568.39
568.56
568.65
568.83
568.92
569.01
569.18
569.27
569.36

2.394
2.403
2.662
2.723
2.723
2.686
2.724
2.724
2.725
2.725
3.341
3.335
3.334
3.335
3.345
3.338
3.336
3.346
3.474
3.505
3.473
3.507
3.507
3.507
3.508
3.508
3.563
3.592
3.581
3.602
3.597
3.630
3.642
3.628
3.655
3.660
2.788
2.713
2.692
2.620
2.582
2.501
2.432
2.354
2.347
2.342
2.265
2.255
2.267
2.251
2.265
2.260
2.256
2.268
2.266
2.248

494.59
494.69
494.78
494.87
494.97
495.06
560.87
560.96
561.05
561.14
561.23
561.31
561.40
561.49
561.58
561.67
561.76
561.846"
561.846"
562.02
562.11
562.20
562.29
563.00
563.09
563.17
563.26
563.35
563.44
563.53
563.62
563.71
563.80

2.545
2.521
2.557
2.550
2.545
2.564
3.715
3.681
3.715
3.722
3.755
3.764
3.766
3.821
3.854
3.894
4.016
4.234
3.270
3.060
2.983
2.878
2.856
2.520
2.497
2.461
2.476
2.422
2.426
2.415
2.398
2.406
2.401

416.84
416.94
442.42
442.52
442.62
442.72
442.82
442.92
443.01
443.11
443.21
483.11
483.20
483.30
483.40
483.49
483.59
483.68
483.78
483.87
498.45
498.55
498.64
498.73
498.83
498.92
499.02
499.11
499.20
527.46
527.55
527.64
527.73
527.82
52791
528.01
528.10
528.19
549.90
549.99
550.08
550.17
550.26
550.53
550.62
561.49
561.58
561.67
561.76
561.85
561.94
561.97
562.01
562.02
562.025"
562.025"

2.158
2.159
2.277
2.248
2.278
2.255
2.279
2.280
2.280
2.260
2.281
2.500
2.438
2.501
2.501
2.502
2.462
2.440
2.441
2.504
2.605
2.609
2.594
2.537
2.597
2.588
2.608
2.578
2.560
2.854
2.849
2.855
2.844
2.851
2.831
2.823
2.807
2.808
3.185
3.152
3.152
3.152
3.219
3.220
3.177
4.046
4.152
4.164
4.263
4.446
4.646
4.795
5.031
5.260
5.400
3.900
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574.90 2.245 562.11 3.621
574.99 2.248 562.20 3.430
575.07 2.251 562.29 3.223
575.16 2.251 562.38 3.130
575.25 2.240 562.47 3.020
575.34 2.249 562.56 2.920
575.51 2.252 562.64 2.880
575.60 2.253 562.73 2.820
583.55 2.239 563.88 2.473
583.64 2.224 563.97 2.474
583.73 2.227 564.06 2.442
583.90 2.232 564.24 2.435
583.99 2.237 564.32 2.433
584.08 2.231 564.50 2.408
584.16 2.240 564.59 2.428
584.25 2.224 580.85 2.274
584.34 2.221 580.94 2.263
584.42 2.225 581.02 2.268
590.77 2.215 581.11 2.259
590.85 2.221 581.20 2.270
591.02 2.236 581.29 2.262
591.20 2.216 581.37 2.260
591.28 2.226 581.46 2.255
591.37 2.209 581.55 2.256
591.46 2.217 581.63 2.255
591.63 2.217 591.20 2.245
591.72 2.235 591.28 2.246
594.23 2.214 591.37 2.261
594.40 2.235 591.46 2.261
594.48 2.227 591.54 2.261
594.57 2.228 591.63 2.245
615.33 2.246 591.72 2.245
615.41 2.238 591.80 2.261
615.50 2.238 599.92 2.256
615.67 2.239 600.00 2.257
615.75 2.223 600.09 2.240
615.84 2.222 600.18 2.243
615.92 2.239 600.26 2.250
650.01 2.275 600.35 2.244

600.43 2.240

600.52 2.245

Table 2. (Continued)
P =306.70 P =300.69 P =293.82 P =282.96 P =265.49
T Cy T Cy T Cy T Cy T Cy
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P =306.70 P =300.69 P =293.82 P =182.96 P =265.49
558.09 3.622 557.93 3.663 346.92 1.893 368.91 2.031 546.22 3.372
558.18 3.615 558.02 3.733 347.15 1.912 369.02 2.032 546.31 3.450
558.27 3.615 558.11 3.733 347.27 1.891 369.13 2.072 546.40 3.403
558.36 3.616 558.20 3.733 347.84 1.932 369.24 2.053 546.49 3.373
558.45 3.616 558.29 3.780 347.96 1.882 369.35 2.024 546.58 3.431
558.54 3.617 558.38 3.758 348.30 1.928 369.46 2.024 546.67 3.441
558.63 3.617 558.47 3.669 348.53 1.898 369.57 2.037 546.76 3.375
558.72 3.617 558.56 3.745 348.65 1.899 369.68 2.026 546.85 3.375
558.81 3.685 558.65 3.774 348.99 1.934 369.79 2.089 546.94 3.367
561.47 4.105 558.73 3.750 349.10 1.908 414.98 2.273 547.03 3.376
561.56 4.145 560.96 4.075 349.22 1.884 415.08 2.273 552.67 3.546
561.65 4.253 561.05 4.127 349.45 1.898 415.19 2.274 552.76 3.633
561.74 4.274 561.14 4.097 349.56 1.903 415.29 2.296 552.85 3.634
561.82 4.533 561.23 4.090 349.67 1.889 415.39 2.324 552.94 3.587
561.91 4.680 561.31 4.110 349.79 1.920 415.50 2.276 553.03 3.557
562.00 5.108 561.40 4.176 372.66 2.041 415.60 2.276 553.12 3.608

562.028* 5.780 561.49 4.213 372.88 2.043 415.70 2.285 553.21 3.558
562.028" 4.120 561.58 4.280 372.99 2.036 415.81 2.277 553.30 3.559
562.09 3.263 561.67 4.305 373.21 2.024 416.12 2.292 553.39 3.559
562.18 2.952 561.76 4.432 373.32 2.019 416.22 2.330 560.88 4.346
562.27 2.817 561.85 4.640 373.43 2.051 416.32 2.293 560.96 4.347
562.36 2.758 561.93 4.850 381.30 2.063 416.43 2.293 561.05 4.347
562.44 2.712 561.97 5.120 381.41 2.063 416.53 2.294 561.14 4.367
562.53 2.682 562.01 5.635 381.52 2.067 416.63 2.295 561.23 4.393
562.62 2.660 562.024* 6.020 381.62 2.057 416.74 2.295 561.32 4.425
562.024° 4.160 381.73 2.068 454.12 2.502 561.41 4.491
562.11 3.840 381.84 2.066 454.22 2.503 561.50 4.543
562.20 3.560 381.95 2.067 454.32 2.437 561.58 4.552
562.29 3.360 382.06 2.068 454.42 2.438 561.67 4.620
562.38 3.250 382.17 2.068 454.52 2.504 561.70* 4.640
563.08 2.650 414.98 2.224 454.62 2.439 561.70° 3.220
563.17 2.635 415.08 2.212 454,71 2.505 561.76 3.106
563.26 2.603 415.19 2.221 454.81 2.506 561.85 2.984
563.35 2.570 415.29 2.214 45491 2.506 561.94 2.860
563.44 2.542 415.39 2.229 455.01 2.507 562.03 2.774
563.53 2.501 415.50 2.214 492.32 2.759 562.12 2.688
563.61 2.502 415.60 2.207 492.42 2.759 562.21 2.594
563.70 2.504 415.70 2.226 492.51 2.760 562.29 2.593
563.79 2.485 415.81 2.231 492.61 2.760 562.38 2.537

563.88 2.463 443.71 2.456 492.70 2.761

563.97 2.462 443.81 2.446 492.80 2.692

564.06 2.460 44391 2.449 492.89 2.761

444.01 2.395 492.99 2.762

444.11 2.456 493.08 2.762

44421 2.446 493,17 2.763

44431 2.449 493,27 2.763

444.61 2.401 493.36 2.764

444.71 2.457 531.11 3.102

444 .81 2.453 531.20 3.103

44491 2.426 531.29 3.103

445.01 2.452 531.38 3.103

445.21 2.452 531.47 3.032

473.90 2.583 531.56 3.104

474.09 2.583 531.65 3.105
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P =306.70 P =300.69 P =293.82 P =182.96 P =265.49
474.19 2.584 531.745 3.105
474.29 2.585 531.836 3.105
474.38 2.551 547.567 3.373
474.77 2.575 547.656 3.373
474.86 2.576 547.746 3.374
475.06 2.577 547.836 3.374
475.15 2.577 547.926 3.302
475.25 2.578 548.015 3.375
475.35 2.578 548.105 3.375
475.54 2.579 560.863 4.191
475.64 2.580 560.951 4.207
511.71 2.863 561.040 4.208
511.80 2.821 561.129 4.195
511.90 2.821 561.217 4.252
511.99 2.822 561.306 4.216
512.08 2.857 561.395 4.273
512.17 2.822 561.483 4.322
512.27 2.823 561.572 4.393
526.91 2.984 561.661 4.455
527.00 2.961 561.750 4.587
527.09 2.981 561.838 4.722
527.18 2.973 561.927 4.970
527.27 2.996 561.95* 5.130
527.36 2.962 561.95" 3.620
550.26 3.347 562.00 3.516
550.35 3.347 562.02 3.332
550.44 3.347 562.19 3.158
550.53 3.348 562.28 2.997
550.62 3.398 562.37 2.803
550.71 3.389 562.64 2.632
550.79 3.392 562.72 2.543
550.88 3.349 562.81 2.493
551.06 3.420 562.90 2.495
550.88 3.436 562.99 2.441
550.97 3.437 563.08 2.417
555.97 3.674 563.17 2.402
556.06 3.674 563.26 2.388
556.15 3.745 563.34 2.391
556.24 3.700 568.47 2.284
556.33 3.675 568.56 2.261
556.42 3.676 568.65 2.274
556.51 3.747 568.73 2.258
556.60 3.677 568.82 2.249
556.69 3.677 568.91 2.291
556.87 3.678 569.00 2.286
561.15 4.172
561.24 4.190
561.33 4.173
561.42 4.234
561.51 4.251
561.60 4314
561.68 4.384
561.77 4.481
561.86 4.684
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P =306.70 P =300.69 P =293.82 P =182.96 P =265.49
561.95 5.012
562.00 5.486
562.01* 5.620
562.01° 3.920
562.04 3.720
562.13 3.470
562.22 3.334
562.30 3.120
562.39 3.025
562.48 2.836
562.75 2.699
562.84 2.603
562.93 2.574
563.01 2.543
563.10 2.551
563.19 2.512
563.28 2.483
563.37 2.504
563.46 2.476
569.18 2.324
569.27 2.354
569.36 2.305
569.45 2.315
569.53 2.304
569.62 2.315
569.71 2.311
569.80 2.284
569.89 2.284
569.97 2.324
574.90 2.237
574.98 2.246
575.07 2.246
575.16 2.246
575.25 2.246
575.34 2.247
575.42 2.247
575.51 2.247
575.60 2.234
575.69 2.248
582.68 2.202
582.77 2.200
582.86 2.197
582.94 2.199
583.03 2.202
583.12 2.201
583.20 2.195
583.29 2.192
583.38 2.197
583.47 2.188
591.72 2.158
591.80 2.158
591.89 2.159
591.98 2.146
592.06 2.159
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P =306.70 P =300.69 P =293.82 P =182.96 P =265.49

592.15 2.159
592.24 2.187
592.32 2.160
610.01 2.151
650.13 2.175

©"Bold values were measured at the phase-transition temperature for: two-phase state (superscript a) C,,; one-
phase state (superscript b) Cy,, ; *Standard uncertainties u are:u(T')=0.02 K; u(p)=0.1 %; u(C,)=1.5 %.
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Table3
Measured values of temperatures (TS , K), two-phase C,and one-phase C,;, isochoric heat capacities

(kJ-kg'-K"), and densities ( p , kg:m™) of benzene at saturation™®
S

ps TS CV2 CVl Csat

kg-m™ K kJ'kg'K' | kJkg"K!' | kIJkg!K!
653.33 47591 2.281 1.780 2.338
358.72 561.35 3.660 2.788 12.07
336.24 561.85 4.230 3.270 27.99
310.36 562.025 5.400 3.900 -
306.70 562.028 5.780 4.120 -
305.14% 562.029* 6.420* 4.340* -
300.69 562.024 6.020 4.160 -
293.82 562.01 5.620 3.920 201.2
282.96 561.95 5.130 3.620 48.77
265.49 561.69 4.640 3.220 19.68

“Bold values are the critical point parameters; ®Standard uncertainties u are: u(T )= 0.02 K; u(p)=0.l %; u(CV)
=1.5 %; u(C, )=1.5 %.

Table 4
Deviation statistics for comparison ofmeasured one- and two-phase isochoric heat capacities and values calculated
with a reference fundamental EOS for benzene [54] evaluated at each nominal density.

Deviations Two-phase One-phase  |Density (kg'm™)
AAD (%) 3.57 2.52 653.33
St.Dev (%) 0.41 0.27

AAD (%) 3.40 - 642.92
St.Dev (%) 0.22 -

AAD (%) 3.37 6.40 358.72
St.Dev (%) 4.26 2.10

AAD (%) 4.90 14.4 336.24
St.Dev (%) 0.99 1.30

AAD (%) 4.50 6.20 310.36
St.Dev (%) 1.56 1.91

AAD (%) 1.63 25.0 306.70
St.Dev (%) 1.14 2.31

AAD (%) 1.44 16.0 300.69
St.Dev (%) 2.13 1.87

AAD (%) 1.38 5.60 293.82
St.Dev (%) 2.01 3.90

AAD (%) 0.92 1.87 282.96
St.Dev (%) 0.62 0.51
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AAD (%) 1.03 15.0 265.49
St.Dev (%) 0.72 1.23

Table S
Average absolute deviations (AAD) between the present one- (C;”,C(]I) and two- (C'V2 ’C(/z) phase experimental

isochoric heat capacities at saturation and saturated liquid ( p's) and vapor ( p;) densities and values calculated

with a reference fundamental EOS for benzene [54].

Deviation Two-phase, One-phase, Two-phase, One-phase, Saturated  [Saturated vapor
C, o C, C,, liquid d'ens1ty, dens'}ty,
Ps Ps
AAD (%) 6.2 70 4.4 2.8 0.35? 0.80?
0.07° 0.15°

%In the critical region;°Far from the critical point.

Table 6
Derived values of second temperature derivatives of pressure (dzPS /dT 2) and chemical potential (d2 wu/dT 2), and

their respective contributions (CVP) and (¢ ), to the total measured two-phase isochoric heat capacity together
Vu

with the Yang-Yang anomaly strength parameter (R ).
n

T (r/d7?) | (&p/dT?) c, Co, R

K MPa K> kJ'kg'K? |kIkg'K' |kIkg!'K'
47591 0.000387 -0.00436 0.604 1.999 0.768
561.35 0.001396 -0.00263 2.568 1.476 0.365
561.85 0.001616 -0.00272 2.976 1.529 0.339
562.025 0.012600 0.03100 23.23 -17.44 -3.011
562.028 0.026300 0.07540 48.38 -42.35 -7.027
562.024 0.011500 0.02750 21.14 -15.43 -2.704
562.01 0.005296 0.00803 9.755 -4.511 -0.860
561.95 0.002594 0.00004 4.776 -0.021 -0.004
561.69 0.001472 -0.00272 2.710 1.525 0.360
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Table7

Experimental and theoretical universal critical amplitude ratios.

Models 7N DLy By A7 1Ay L, /T,
Crossover model [97,98] 0.052 1.64 0.524 4.96
£ expansion 0.048 [16] 1.67 0.520+0.01[17]  ©4.90[16]
d=3 field theory [88] 0.0594+0.0011 | 0.54140.014 4.77+0.30
3D Ising model [17] 0.058+0.001 - 0.523£0.009 4.95+0.15
Experiment (this work, for benzene)  |0.058 1.69 0.524 -

6.5

551~

2.5

Benzene

p =306.70 kg'm™

Ty =562.029K |

1.5
557.5

563.5 565.0

Cv-T Benzene Crit

Fig. 1. Measured one- and two-phase isochoric heat capacities of benzene as a function of temperature along the
experimental critical isochore of 306.7 kg'-m™. The solid curves are calculated from a scaling equation, Eq. (6).
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Fig. 2. Measured one- and two-phase isochoric heat capacities of benzene (depicted in 9 graphs) as a function of
temperature along the selected near-critical isochoresin the immediate vicinity of the phase-transition

temperatures together with the values calculated from a reference equation of state [54]. O—two-phase heat

capacity; ® —one-phase heat capacity;/\- Chirico and Steele [32]. Solid curves are calculated from a reference
equation of state [54]. Dashed curves are experimental curves (interpolated data).
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Fig. 3. Measured one- (C,,) and two-phase (C,,,) liquid isochoric heat capacities of benzene as a function of
temperature along the L+G coexistence curve near the critical point (left) and liquid isochoric heat capacity jumps

(AC,, right) together with the values calculated from reference equation of state [54] (solid curves). Dashed
curves are calculated from a scaling—type equation.
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Fig. 4. Measured one- (Cy,) and two-phase (C,,) vapor isochoric heat capacities of benzene as a function of
temperature along the L+G coexistence curve near the critical point (left) and vapor isochoric heat capacity jumps
(AC,, right) together with the values calculated from a reference equation of state[54] (solid curves).
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selected near-critical isotherms. O —two-phase vapor C,,, and liquid C,,, at saturation; ®-two-phase C,,, along the

fixed isotherms; 1-475.91 K; 2-561.35 K; 3-561.70 K; 4-561.85 K; 5-561.95 K; 6-562.013 K. Solid curves are
calculated from a reference equation of state [54]. Dashed curves are experimental interpolated values.
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pressure temperature derivatives (Eq. 3). O- this work; ® — Chirico and Steele [32]; A-Oliver et al. [74]. Solid
curve is calculated from a fundamental equation of state [54].
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Fig. 8. Percentage deviations, 5C, =100( J, of the present experimental two-phase isochoric heat

capacity data for benzene from the values calculated with a reference equation of state [54] as a function of
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Fig. 9. Measured values of saturated liquid and vapor densities from calorimetric ( C,, ) experiments together with

reported data. ®-this work; O- Hales and Townsend [100]; O-Skaates and Kay [101]; X-Chirico and Steele [32];
A- Hales and Gundry [102]; <>- Connolly and Kandalic [103]; ®-Kooner and Van Hook [104]; V- Campbell

and Chatterjee [105];T-Artukhovskaya et al. [106]; Akhundov and Abdullaev [107];"¥-Gorbunova et al. [108]; M-
Straty et al. [109]. Solid curve is calculated from scaling-type equation, Eq. (4).
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is calculated from a scaling-type equation, Eq. (4).
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