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Determination of the Relative Permittivity and Density within the Gas Phase and
Liquid Volume Fraction Formed within the Two-Phase Region for (0.4026 CH +
0.5974 GHjg) with a Radio Frequency Re-entrant Cavity

Mohamed E. Kandil and Kenneth N. Marsh

Department of Chemical and Process Engineering, University of Canterbury, Christchurch, New Zealand

Anthony R. H. Goodwin*
Schlumberger Technology Corporation, 125 Industrial Boulevard, Sugar Land, Texas 77478

The gas-phase relative electric permittivities, densities, and liquid drop out volumes within the two-phase envelope
have been determined from measurements of the resonance frequency of the lowest order irchpdisigance

mode of a re-entrant cavity for (0.4026 ¢H 0.5974 GHg); the dew temperatures between (315.5 and
340.4) K that correspond to dew pressures of (2.87 to 6.83) MPa for this mixture along with a description of the
apparatus were reported by Kandil et dl. Chem. Thermody2005 37, 684—691). The relative permittivity of

the gas was determined with an uncertainty of 0.01 %. These results differed by bet(@@2 and 0.4) % from
estimates obtained from the correlation reported by Harvey and Lemimiod (Thermophys2005 26, 31—46)

and the precise measurements of Schmidt and Molddaerd. Thermophys2003 24, 375— 403) for the pure
components when the Oster Am. Chem. Sod946 68, 2036-2041) mixing rule for total molar polarizabilities

was applied. Gas densities were obtained from the relative electric permittivity with an estimated uncertainty of
+0.8 %, and the results lie withig1.5 % of the density estimated from a cubic equation of state including
crossover. The relationship between the volume of liquid in the cavity and the measured resonance frequency
was established by calibration with octane. This calibration was then used to determine the liquid volume fractions,
in the two-phase region, from the resonance frequency, over the range of (0.5 téii)atotal system volume

of about 54 cri The liquid volume fractions have an estimated expanded uncertainb) @f1. The measured

liquid volume fractions agree within the expanded uncertainty with estimates obtained from theRdrigson

cubic equation of state with volume translation.

Introduction Experimentally, dew curves are often determined by visual
The optimal recovery of naturally occurring hydrocarbon observation of the first onset of liquid. Usually, but by no means
mixtures depends on knowledge of the physical properties of always, this technique is used by industry to determine dew
the porous media and the fluid contained within, including its points. The internal dimensions of the vessels that contain the
phase boundaries, density, and viscosity. Experimental tech-fluid are on the order of 0.1 m and, therefore, require gas sample
niques are required to obtain these and other physicochemicalvolumes of about 1 dfrat the highest temperature and pressure
properties that are mechanically robust and automatable andto be studied. Phase borders obtained from visual methods often
have working equations derived from physics. Recent work has suffer systematic errors that arise from blind regions and dead
demonstrated measurements of viscosity, with a vibrating wire, volumes that, in some cases, have been reduced by refinements
and the detection of dew temperatures with a radio frequency to the method. Nonvisual methods, which require small (on the
re-entrant cavity; both of these methods are robust and have order of 10 crd) samples and are also suited to automation,
physically based working equations. have been developed to determine phase borders. These include
Dew and bubble temperatures can be either determinedmeasurements of refractive index with fiber optic caBles,
experimentally or estimated with an equation of state; the latter evanescent waves at gigahertz frequentiesyd relative
typically requires as input temperature, pressure, and chemicalpermittivity.>~° In ref 2, dew points were determined for (0.4026
composition, which may be obtained from, for example, gas CHa + 0.5974 GHg) from variations in resonance frequency
chromatography coupled to a mass spectrometer. For retrograd®f the LC mode of the re-entrant cavity with respect to
condensates the dew temperatures and pressures as well as tiigmperature decrements along pseudo isocHorsging the
ratio of liquid-to-gas volumes within the (liquid and gas) region, inductance an@ the capacitance.
often referred to as the quality line, are arguably the most  Rigorous models for the re-entrant cavity have been regorted
significant thermodynamic properties for the exploitation of that relate the resonance frequency to the cavity dimensions,
these particular naturally occurring hydrocarbons. For these asgeometry, and complex electric permittivity of electrically
well as other near-critical multicomponent mixtures, the dew insulating substances within the resonator. These models have
pressures predicted, especially in the retrograde region, are ofterheen extended to electrically conducting liquids, such as

considered to be unreliable and must be measured. water, as well as to include twbC lobed?!l and also three
* Corresponding author. E-mail: AGoodwin@slb.com. Fax: (281) 285- LC moqesl-z The multilobe design was primarily intended
8071. to provide the opportunity to determine, albeit over a limited
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range, the frequency dependence of the complex relative f~ {47° rL(p=0)e'C(p=0)}’l’2 (1)
permittivity.

The single-lobe re-entrant cavity has also been used towhere, is the relative magnetic permeability?(e;) = €' is
measure phase boundarfés)to determine dipole moments  tne relative electric permittivity of the fluid, andp = 0) and
and densit§in the single-phase region. The two-lobe cavity, a C(p = 0) are the inductance and capacitancepat O,
modified version of that reported in ref 12, has been used to respectively. Most dielectric fluids are diamagnetic, and the
determine the relative permittivity of (methastepropane) and  productu.e’ is well approximated by'. If this approximation
two (methanet propane+ hexane) mixtures, and the density was used to determine the polarizability of liquid £& T =
for each was estimated by May ettdMay et al’® also reported 293.15 K, the relative error i, would be~-1075. For the
a version of the resonator that includes a variable volume and gases studied in the work this assumption results in a negligible
was capable of operating isothermally, or isobarically or additional uncertainty® The simple model of eq 1 suffices for
isochorically. The apparatus geometry was optimized to measurethe purpose of determining phase boundaries from measurements
small liquid volume fractions in the coexisting (gas and liquid) of the resonance frequency along an isocRéHowever, this
two-phase region by the additiorf @ 2 mm diameter post  approach provides an inadequate representation of the system
attached to the lower surface of the bulbous portion of the lid. when the measured resonance frequency is to be interpreted to
This post protruded into a well centered on the bottom of the provide the relative electric permittivity, and from that the
outer cylinder to form a parallel plate capacitor at the bottom amount-of-substance densjty To obtaine; and therp, requires
of the hole with a plate separation of about 0.2 mm. This a|| productsL;C; of the cavity be accounted for including those
additional chamber and post combination also acted as aarising from fringing fields, induction effects for the capacitors,
cylindrical capacitor and, because of its location, was sensitive and capacitive effects for the inductors, and contribution from
to liquid that either forms in or moves to the well. The apparatus the 5 mm gap at the bottom of the cavity. A waveguide model
was operated isothermally and used to detect phase borders anflas been reported to accommodate all of these effestsused
liquid volume fractions formed within the (g~ I) region. to determine relative electric permittivities and dipole mo-
Unfortunately, the apparatus suffered from a large total sample ments813 In refs 8 and 13 the capacitance associated with
volume=-200 cn? (the re-entrant cavity and chamber containing fringing fields at the upper ends of the capacitive sectn
the post had a volume of about 21 Y and problems with  \yere estimated with the methods described by Marcuditz.
fluid mixing. For (0.75 CH + 0.25 GHg) May et al’* reported Determination of Relatie Electric Permittiity. An alterna-
denSitieS, with an Uncertainty of 0.1 %, and ||qU|d volume tive to the Waveguide model reported inref 8is a |umped_
fraCtionS, with an Uncertainty of 0.01 %, determined from the parameter (equiva]ent Cil'CUit) model reported by Hamelin et
re-entrant cavity.C resonance frequency. al1011 that relates the complex electric permittivigy to the

The operation of a cavity resonator and the determination of measured resonant frequerfgyhrough
the (p, T) phase border from the resonance frequency of the

LC mode was described in refs 2, 8, and 9. In ref 2, the fotig)? 1+ (-1+)Q*!
performance of the instrument was demonstrated with measure- N ig] 11 (—1+no— 2
ments of the (gt 1) phase border for (0.4026 GH+- 0.5974 ' ( Qo

CsHg) at temperatures between (315 and 340) K. The results
compared favorably with the reported phase behavig(bf-
X)CHs + XC3Hg}. Reference 2 alluded to analyses of the
resonance frequencies of th€ mode of the re-entrant cavity

where the resonance quality factr= f/(2g) and the subscript
0 denotes values obtained when the resonator is evacuated.
Equation 2 has been used to determine the complex relative

to provide the relative electric permittivity of the gas and, Permittivity & whenf, g, fo, andgo have been measured with

consequently, the density of the gas phase and phase border && Weakly coupled resonator filled with fluid for which the
well as the liquid volume fractions within the (gl) envelope.  €lectrical (E(z)nductlwty is small an® lgosuffluently large so
In a re-entrant cavity a capacitor is also formed from the terms inQ"2 are rendered negligibfe:> The real part of the

separation between the bottom surface of the bulbous portion;:omplex q”a':rt]'tyg.r I(:te' - Iét;}ﬁ Whh'Ch cart1h d‘?pe“‘?' on
and the outer cylinder. In the resonator reported in ref 2 this recru?,niy, /'S € dielec rtlcfcon? tt'WI zregs t'e |m§1t%|.natrﬁ/
separation was 5 mm and the resulting capacitance found, a diaerléfctrg %éﬁefgfagfe(ﬁ:r?czl Ocroigfj;icv?t 'S‘E'pl‘j‘;ggnw'z \IICaSe
will be demonstrated in this paper, to provide values of the liquid derived b ind bothand ind Y. dqt e

volume fractions accumulated within the bottom of the cavity; erived by assuming bothande, aré independent of irequency.

in the cavity reported by May et &.this separation was about ;’r\;hiréﬁc«sirﬁtclegg C/ ;u ;;( 1) a:nd'.s;jmr)ZIeofr?sfi;reir\?ssrlttieof
0.5 mm. d y S (e =€, € 9
. e .., low-loss approximation to eq 2.

The measured relative permittivities have been compared with The parameterf andgo of eq 2 account for dilation of the
estimates obtained from correlations of the relative PErMIttVIty i ensions of the cavity resulting from variations in temperature
of pure gasesﬂreport(_ed by '_*a“’e.y. and Lem#iamd Schmidt and pressure; when the electromagnetic cavity that forms the
and Moldover’ combined with mixing rules for the total molar resonator also acts as the pressure vessel, as it does in our

o 9 .
polarlza}blllty reported .qu Harvey and Praqs#ﬁtand Ostef; . pparatus, the compressibility of the wall material is significant.
respectively. The densities are compared with estimates obtaine he parameters also account for the variations in spatial
from five equations of state, and the liquid volume fractions,

ithin the two-oh . d with val biai OIdistribution of the electromagnetic field within the cavity that
within the two-phase region, are compared with values obtained ,..,rs petween the evacuated and fluid-filled resonator. The
from three equations of state.

corrections can be determined from measurements of the
complex resonant frequency of the cavity when evacuated and
filled with a fluid for which the thermophysical properties are

When both the capacitor and the inductor of the re-entrant known over a range of temperatures and pressures. The values
cavity are immersed in fluid, to first order, the resonance of f; andg obtained when the cavity is filled with fluid can be
frequency is given by substituted in eq 2 to obtain the relative permittivity

Working Equations



1662 Journal of Chemical and Engineering Data, Vol. 52, No. 5, 2007

The parameterfy andgp of eq 2 may be represented’By 2-methylpropané® the &’cy increases rapidly, proportional to
up?T, at low temperatures (or high densities) for the liquid along
fo="Too{1— (T = Te)} (1 + ¥p) 3) the saturation curve. Measurements of both density, obtained
with a magnetic suspension densimeter, and relative electric
and permittivity, determined with an audio frequency concentric
cylinder capacitor, have confirmed the utility and bounds of eq
9 = Y00 4) 724,26
where the term§1 — a(T — Twe)} and (1+ yp) in eq 3 are For polar fluids more complex expressions for the total molar

factors that account for thermal expansion and dilation, respec-Polarizability have been proposed, and these are discussed by

tively, and include the linear thermal expansion coefficient ~ Bottcher?” One of these expressions is the equation of Kirkwood

and a parametery, related to the elastic properties of the and Onsaget®

resonator. In eq 3, is the temperature at which the parameters

were determined the pressure, arfg the resonance frequency (D@ +1) 1

when the cavity was evacuated, whereas in egy#is the 9%, p_n~“) Kw (8)

resonance line width in vacuum. Measurements of the resonance

frequency when the cavity is filled with a substance for which

€ is known are used to determipdoy minimizing the difference

betweene,, obtained from eqgs 2, 3, and 4, and the accepted

literature value. This procedure is adopted because the elasti

tpggf z:gelfozlitreed rt?) %Lgtrﬁgrfor a resonator formed from two parts components with very high relative permittivi;[y and correspond-
Determination of Amount-of-Substance Density from Rela- ingly large dipole _mom_ents' s.uc_h as. walte: )

tive Electric Permittvity. Determination of the amount of The molar polarizability of liquid mixtures can be estimated

substance densify, from measurements of the relative electric from Oster’s rule? which for a binary mixture

permittivity requires a relationship between these properties.

Unfortunately, there is no universally obeyed relationship (1—xA +xB 9)

between the relative electric permittivity [=92(e;)=¢'] and

pn. At moderate densities<(0.01 motcm™3) the total molar is

electric polarizabilitys(p, T) can be given by

The factors?’cy and #kw are in close agreement when, as is
the case in this worke, < 2; for ¢, = 1.5, #cm and Pxw
differ relatively by about 5.073. Significant differences between
Ghe factors #’cy and #kw are found for fluids containing

PXT,p)
e—11 T

—_— = 2 P (X, T’ p)
s A(l+bp,+cp2+..) (5) X

r

LA TP + (B, T,p)

= ATy BT

(10)

Lo T) =

Equation 10 becomes a linear mixing rule when the excess

whereA,, b, c, ..., are the first, second, third, ..., permittivity volume of mixing atT andp is zero??

(dielectric) virial coefficients. In eq 2\ is the molar polariz-
ability that arises from individual molecules in the absence of

intermolecular interactions and is given by the Debye expression. ZXxp T =0=X97ApT)+x7@B,pT) (11)

Ny 2 Oster’s rule is effectively a mixing of pure-component total
A_= A (elec)+ A (atom)+ 9_AI<TD (6) polarizations at constant temperature and pressure. For liquid

€o mixtures eq 11 provides values of(x, p, T) within £0.2 % of
the measured values for liquid mixtures except those containing
polar compound’?*3°Nevertheless, other workéthave com-
bined eqs 7 and 11 to obtain liquid densities with claimed uncer-
tainties of 0.1 % even for mixtures including polar components,
admittedly after more carefully accounting for the density and
composition dependencies of(x, p, T) and % cm.

May et all* measurede, with a re-entrant cavity} and
simultaneouslyp,, with a dual sinker densimetét,for one
binary mixture of methane, propane, and hexane and determined
e¢—11 L% p, T) from eq 7. In ref 14 the measured(x, p, T) were
c +2 p— ~ Lo (7) compared with values estimated from eq 11 based on the known

' " < for the pure componerits3* obtained from eq 5, and

whereZcy is a constant. Equation 7 can be applied to nonpolar differences of between (0.1 and 0.6) % ii(x, p, T) were
fluids, such as methane, for whichicy changes by about 0.79%  OPserved, which had an uncertainty£0.2 %.

when the amount-of-substance density varies from (0.002 to In general, use of eq 10 (or eq 11) to determiriéx, p, T)
0.03) motcm~2 at temperatures between (100 and 300) K and could result in a systematic error in the density because the
pressures in the range of (2 to 35) M#&or the molecules  critical conditions of the components may differ significantly,
and temperatures of interest here, rotational effects provide aand at the temperature and pressure of interest one of the
linear increase of\ (and.%’cy) with increasing temperatufg. components could be normally a liquid as a pure substéince.
For nonpolar molecules, such as butané;y decreases with ~ To overcome the limitations of Oster’s réfgeq 11) Harvey
increasing density (and decreasing temperature) for liquid and Prausnit? proposed the total molar polarization be obtained
densities that range from critical to the triple poihtiowever, by mixing the pure component’ at constant temperature and
for the weakly polar compounds such as prog&feand reduced density according to

In eq 6 A(elec) is the electronic contribution (which can be
determined from measurements of refractive indéxjatom)
the atomic contributionia Avogadro’s constangg the electric
constant (permittivity of free space},Boltzmann’s constant,
andup the permanent dipole moment, which is also a function
of temperature.

For nonpolar moleculesuf = 0) eqs 5 and 6 can be
approximated by the Clausitd/ossotti equation
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(1 = XVi(A)
{(@ = XV(A) + XV (B)}

XVi(B) »[B VS (B)] (12
v ey B AONE) 02)

P T,p)= PLIA, p (VA +

In eq 12V, is the critical molar volume and the reduced
density pr(x) is given by

1-x, x }
p(A)  p(B)

wherep(X) is the molar density of the mixture apéthe critical

p%) = p(x){ + (13)

density for each component. Equations 12 and 13 were used

by Harvey and Lemmds# for natural gas mixtures.
For polar fluids thepn(x, T, p) for a binary mixture (eq 9)
can be obtained from
_[ex T, p) —26(x T.p) +1] 1
9,(x, T, p) LT, p)

pa(% T, P) (14)

with measurements of the relative permittiviyx, T, p) and
an estimate of the total molar polarizability(x, T, p) of the
mixture that is determined from values @f(A, p, T) and*(B,
p, T). The #(x, T, p) can be estimated with Oster’s rufeeq

10, assuming it applies to gases or eq 11 when it is also assume
there is zero volume change upon mixing or egs 12 and 14 when:

both the critical density and volume of the pure components

are known. For nonpolar fluids eq 7 with eq 11 has been adopted

to determine density in refs 8, 9, and 15. Values#(A, p, T)
and (B, p, T) can be obtained from measurements or
independent sources including correlations:of

Correlations of €,(g) for Pure ComponentsSchmidt and
Moldoverr” measured the relative permittivity of eight gases,

including methane and propane, with a toroidal cross capacitor

rd

zl
z2

z3

z4

Figure 1. Schematic cross-section through the resonator with dimensions
rl =6 mm, r2= 24 mm, r3= 25 mm, r4= 45 mm, z1= 20 mm, z2=
23.5 mm, z3= 20 mm, and z4= 5 mm?

operation of their correlation, Harvey and Lemrfocompared

the predicteds, with the values reported by May et Hlfor

methanet propane) and found 1@, < 0.05, which is about

.5 times the expanded uncertainty of the measurements. This

is a best case comparison because the density of the mixture

was measured simultaneously by May et*?aWhen the

estimates were obtained with Oster's fdlgeq 11), the

deviations were systematic and at the highest densiy00d05

mol-cm~3 found to be 10Q¢; ~ 0.216 The correlation of Harvey

and Lemmo#f requires only the density of the mixture.
Calculation of Liquid Volume Fraction.The liquid volume

fraction can be calculated in the two-phase region (ligtid

with d¢; ~ 0.510°6. For methane the measurements were at gas) with a normalized function

temperatures of (273.17 and 302.45) K at pressure below 7 MPa,
whereas those of propane were at temperatures of (273.17,
295.65, and 313.15) K and pressures of less than 0.8 MPa. The
vapor pressure of propane limited the maximum pressure and

_ [Gr(X, T, p) - ér(gi T, p)]
[€(1.T,p) — (9, T, p)]

(16)

the amount of substance densitiest6.0004 molcm 3. The
measured,(p, T) values were converted (pn, T) using the
Setzmann and Wagri@requation of state for methane, based

wheree(x, p, T) is the measured relative electric permittivity
for the mixture at pressure and temperaturd at which the
resonance frequency had been measured within the two-phase

on diverse thermodynamic measurements, and a virial equation€dion, €(g, T, p) is the relative permittivity of the gas, and
of state, derived from precise sound speed measurements a¢r(1, T, p) is the relative permittivity of the liquid at the same

low densities by Trusle? for propane. Solely these values of
e(on, T) were fit to eq 5 truncated aftep,? for methane and
afterbppn, combined with eq 6, for propane; our analysis shows
eq 10 of ref 17 is incorrect. The fractional standard deviations
of the fits were about I®. The contribution of the dipole
moment to the total polarizability of propane was never more
than 0.14 crikmol~ in 16.1 cn¥-mol~1 (about 0.9 %).

Harvey and Lemmoaf§ have correlated measurements of
&(p, T), converted tc(pn, T), from the literature over a wider
range of states with the total molar polarizability and a modified
form of eq 5:

Plpy=A(T) +AJT+B(T)p, + C(Mpy  (15)
In ref 16 empirical functions of temperature were used to
represenf\, B, C, andA, = Naup?(9dk). The &# was related
to e, with eq 8 for propane and with eq 7 for methane, and the

p andT. Equation 16 is identical to eq 4 of ref 15.

Apparatus, Experimental Procedures, and Calibration

The apparatus has been described in detail elseviteerd,
only the features important to interpreting the results reported
are elaborated below. The apparatus consisted of a re-entrant
resonator, similar to that reported by Goodwin et®dl.a
magnetically activated circulation pump, and a differential
pressure gauge, all mounted within a circulated air thermostat
for which the temperature was controlled+et3 mK. The re-
entrant cavity was formed in two parts with the geometry
required to both form th&C resonator and act as a pressure
vessel capable of operating at temperatures up to 470 K and
pressures below 20 MPa. When assembled, the resonator, with
dimensions shown in Figure 1, has an internal volume of about
54 cn®, and an annular gap of about 1 mm separated the bulbous
extension and the inner surface of the canister. All internal

density of methane was obtained from ref 35, whereas that of surfaces exposed to fluid were machined and polished to a

propane was obtained from Span and Waghdm verify the

mirror finish so that the surface defects wer& um with an
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average surface roughness of 0/28. The lower surfaces of

both the canister and bulbous portion were angled to enhance

drainage when oriented in a gravitational field; it also acted as
a parallel plate capacitor. Sample entered the cavity through
the lid and, when the metering valve in the canister base was
open, exited through the base and into the circulation pump
that pushes fluid through the differential pressure gauge to the
inlet within the top of the cavity. When the metering valve was
closed, the valve stem was reproducibly positioned flush with
the inner surface with a vernier handle. These features were
designed to prevent any possibility of introducing dead volume
in this section so that the ratio of the gas-to-liquid volumes
within the two-phase region could be determined with this
apparatus.

The procedure described in ref 2 was used to determine the
complex resonant frequenéy+ ig, whereg is the line width,
with a relative standard uncertainty of/f ~ 2:10~7. The

2007
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Figure 2. Mean volume of liquid displaced into the cavitggV(l, CgH1g)>

as a function of the mean®> obtained from eq 16:0, obtained with
octane at a temperature of 292.4 K and a pressure of 0.1 MPa, where the
gas above the liquid is a mixture of octane and air.

uncertainty in the measured dew temperature was estimated in

ref 2 to be~0.06 K, and the corresponding uncertainty in the
phase boundary pressure was assumed to contribQt@05
MPa. The{(1 — x)CH4 + xCsHg} mixture was prepared as
described in ref 2 withk = 0.5974+ 0.0013. The resolution

frequency of the cavity. In this work, the functio was
determined from measurements of the cavity resonance fre-
guency, from which the effectivge was obtained, as a function

of the volume of liquid octane within the cavity and assuming

and uncertainty with which temperature, pressure, and frequencythe electric permittivities of eq 16 were given byCgHis, g,
could be measured were far less than the uncertainty in the mole293 K, 0.1 MPa)= 1.0008 and:(CgH1s, |, 293 K, 0.1 MPa)=
fraction of the mixture, which dominates the error in tped, 1.947634.40-42
T) phase border and liquid volume fractions. Octane was used  pring the calibration, liquid octane was fed from the bottom
to determine the resonators’ internal volume. The octane, uf the cavity into the capacitor formed between the lower surface
supplied by Koch-Light, was of puriss grade with a mass fraction o the pulbous portion and the bottom of the pressure vessel.
purity of 0.99 as determined by GLC. After each injection 0f~0.06 cn? multiple measurements of
Calibration of the Cavity for the Determination ofe,. To the resonance frequency were obtained. The mean values of
determine complex relative electric permittiviégy from eqgs 2 the liquid volume<V(l)> determined, at each condition, that
and 3 requires values for the parametery, foo, andgoo of eq include V(l) from (0.06 to 12.9) crhand 1G® from (0.2 to
3. The re-entrant cavity was constructed from type 316 stainlessg854) are shown in Figure 2 as a function of the meah>.
steel for whicho ~15.9107°6 K138 The y, oo, andgoo values The results determine the response of the cavity to liquig of
were obtained from measurements of the resonant frequenciesx 2 residing in the lower capacitor. If a liquid of volume 12.4
when the cavity was evacuated and also filled with methane at cm?® were injected into the cavity, oriented as shown in Figure
six, equally spaced, pressures between (3 and 9) MPa on ar, the liquid-to-gas interface would reside at the height z4, of
isotherm at a temperature of 323.15 K. This temperature Figure 1, from the base of the resonator; on the basis of the
corresponded with a temperature at which Moldover and dimensions shown in Figure 1, the total internal volume of the
Buckley?* had reported the relative permittivity of methane cavity was 53.97 cfa
determined from capacitance measurements with a toroidal cross - Nevertheless, it is clear from Figure 2 that discontinuities
capacitor, a technique with systematic errors entirely different occyr at 160 ~ 37 and also 18P ~ 88 that correspond with
from those of a radio frequency re-entrant cavity. To estimate <\y|)> ~ 6 cn® and <V(l)> ~ 8.7 cn?, respectively. The
S(er) (= € = &) from ref 34 at our experimental temperatures  eypectation was for the first discontinuity to arise from liquid
and pressures, the density of methane was required, and thigoyching the lowest protrusion of the bulbous portion and the
was obtained from the correlation of Setzmann and waner second from liquid reaching height z4, shown in Figure 1.
as implemented within the NIST REFPROP datali8sthe  However, the volumes for each geometrical portion of the cavity,
parameters of eq 3 were determined by regression to minimizeshown in Figure 3, are greater than the volumes assigned to
the difference between the obtained from eqs 2 and 3, with  gach discontinuity. Interfacial tension provides one plausible
the frequencies obtained in vacuum and methane, andrthe  expjanation for the appearance of these discontinuities at the
reported in ref 34 with the resulfgo = 344.553 MHz,y =~ y()): Iiquid enters the cavity from the bottom, and the level of
10410°° MPa™, andgoo = 0.585 MHz. On the basis of this  the jiquid in the lower capacitor increases until, when it is close
calibration, the fractional expanded uncertainty in the relative {4 5 point at the base of the central bulbous portion, interfacial
permittivity de /e, obtained from the measured frequency was tensjon forms a meniscus that distorts the valuab.oAlthough
estimated to be about 16 Both the density and liquid volume  nejther measurement nor rigorous calculation were performed
fractions were calculated from the measured relative permittivity. 5 verify this conjecture, additional, albeit anecdotal, support
Calibration of the () Obtained from the Resonance was obtained from preliminary experiments performed to
Frequency as a Function of Liquid VolumeTo obtain the determine the resonator’s response as a functiof(Ipfwhere
liguid volume fraction within the (1+ g) region requires  the liquid octane was admitted from the upper inlet. In this case,
knowledge of the volume of each section of the cavity, the total the liquid runs down from the top over the central bulbous
resonator volumy, which was determined from the dimensions portion, and interfacial tension forms a drop that protrudes from
of the canister and bulbous portion shown in Figure 1, and the the lowest point of the bulbous portion. The level of the liquid
function ®@ of eq 16 that relates the liquid volume within the in the lower capacitor increases until it meets the drop. In these
cavity to the relative permittivity and thus the resonance measurements, not reported here, a discontinuity(jhas a
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Figure 5. Relative differenceA <V(l)>/<V(l)> = { <V(l, exptl)> — V(,
calcd}/V(l, calcd) of the experimental mean liquid volume displaced into
Figure 3. Liquid volumesV(l) along with the ratio to total volum¥(l1+g) the cavity<V(l, exptl)> from the volumeV(l, calcd) estimated from eq 17

at each major variation in geometry of the re-entrant cavity. as a function of the mean 30®> for (I, CgHig) = (0.4 to 1.8) crd,
which is significant to this work:O, obtained with octane at a temperature

of 292.4 K and a pressure of 0.1 MPa, where the gas above the liquid is a
d@ (9 mixture of octane and air. The dashed lines represé¥tl)}/<V(l)> =

2

0.027, whereo{ ()} is the standard deviation of the fit to obtain eq 17.

threshold) is determined by the uncertainty of the resonance
frequency that is used to distinguish the onset of condensa-
tion. As liquid first forms in the lower section of the cavity,
C&Q dv(l)/df, ~ 0.6 cn?-MHz~1 and is almost a linear function of
O resonance frequency over a volume increment of 0.% Time
estimated uncertainty in the resonance frequeifey= 0.002
0 s s . 4 MHz, and hence the minimum volume that can be detected, is
2 4 6 8 10 ~0.001 cni. This implies a minimum detectable liquid volume
10°<®> fraction V(1)/V(I4+g) ~ 4-1075, whereV(l) is the liquid volume
Figure 4. Mean volume of liquid displaced into the cavitV(l, CgH1g)> in a resonator of total volume available to the gas and liquid of
as a function of the mean 38® >, obtained from eq 16, for V(l, CgH1g)> V(g+I).
= (0.4 to 1.8) cm, which is significant to this work:O, obtained with Fortunately, even at the minimum detectable liquid volume
T et o 1 WP WS 0t ((1-g) ~ 410" he depthof the i n the caviy
was estimated to b&0.5 mm, which is about 500 times greater

function of ® was observed at a liquid height of about 3 mm, than the surface roughness of the cavity. This liquid depth
which is about 2 mm below the lowest point on the bulbous effectively eliminates a systematic error arising from an uneven
portion and another at a liquid level of 5 mm when the liquid distribution of the liquid that would occur if the liquid level
level contacts with the tip of the bulb. In our preliminary approach(_es the height of surface roughness. I_:urthermore, the
experiments, when fluid flowed from the top of the cavity, in ©OPen conical space at the bottom of the cavity reduces the
the <V(l)> range of (0.4 to 1.8) cfy the dependence o possibility of inclusion of any gases that could be trapped within
was not a smooth linear function consistent with the effect of dead volumes? _ _
interfacial tension. The major sources of error iN(I)/V(I+g) arise from the
For (0.4026CH + 0.5974GHg) the measured volume of calibration and the uncertainty & of eq 16. To determine the
liquid formed within the two-phase region is4 cn®, and of functiomb, a liquid volume ipcrement of0.06 cnf was gsed
these 38 measurements 34 hai) < 2 cn?; this guided the and, with a resonator of |nte_rnal volunvwe54 cn?®, gives
range of measurements used for the calibration with octane.o{V()/V(I+g)} ~ 0.001. Equation 17 represented the results
There are 58 measurements of@0for <V()> from (0.4 to  With o{V()} = 0.028 cnd that contributes{ V()/V(I+g)} =
1.8) cn? with octane and, as shown in Figure 4, with an ordinate 0.0005. The calculation W(|)/V(|"f9) also requires values of
expanded by a factor of 8 compared with Figure 2, are a smooth e(I+g) ande(g) that are both obtained from the measurements

<V (1, CsHis)>/em’

ande(l) obtained from ref 16 withde/e; = 0.002. Combining
V(l)lcm® = 214.978b (17) these three sources of uncertainty in quadrature results in an

expandedK = 2) uncertaintyo{ V(l)/V(I+g)} ~ 0.008.
with a standard deviation @f{ V(I)} = 0.028 cmi. The relative
fractional deviations of the experimental values<af(l) > from
eq 17 are, as shown in Figure 5, random and typically within  Relative Electric Permittuity. The ¢,(g) values for (0.4026
the estimated standard uncertainty of ¥0@l)>/V(l) = +2.7, CH; + 0.5974 GHg) are listed in Table 1. The estimated
also illustrated in Figure 5. Had the measurementsv(f expanded K = 2) uncertaintyde, = +0.0003; this value was
included in the regression analysis increased to 4.3, tne obtained from the calibration measurements with methane and
coefficient of eq 17, and therefore the calculated V(l), would includes the uncertainty of the resonance frequency measure-
decrease by 0.9 %, whereas the standard deviation of the fitments.
was ~0.04 cni. For V(I) = 4 cn®, the worst case, this Unfortunately, we are not aware of independent measurements
corresponds t@ {V(l)/V(1+g)} ~ 0.005. of the relative permittivity of (0.4026 CHt 0.5974 GHg) with

Uncertainty in the Liquid Volume Fraction.The minimum which to compare our results. Consequently, we compared our
detectable liquid volume increment (or the liquid volume measured values ef with those obtained from the following

Results and Discussion
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Table 1. Gas-Phase Amount of Substance Densips and Relative
Permittivity €, of the Gas at Pressurep and Temperature T for
(0.4026 CH, + 0.5974 GHg). The Amount of Substance Density
pn(SM) Obtained from the Measured e, Using Eq 7 for Mixtures
with #cm = 2(X, pn, T) Estimated with Schmidt and Moldovert’
Values of 2(pn, T) for Pure CH, and C3Hg Calculated from Egs 5,
6, and 7 and p,CH4 of Ref 35 and p,CsHg of Ref 36 Combined
According to Oster’s Rule!® The p,(HL) Was Obtained from the
Measured e, Using Eq 14 with 2°(x, pn, T) Estimated with the
Harvey and Lemmont® Values of &(pn, T) for Pure CH4 and CgHg

100-Agv/er

and Eqgs 5, 6, and 8 03T 4 i
-0.4 g ‘ ;

T p on(SM) pn(g)(HL) 1 2 3 4 5

K MPa € mol-cm™3 mol-cm~3 10*p/mol-em”
343.48 7.0252 1.176192 0.004518 0.004439 Figure 6. Relative deviatione /e, = {e(exptl) — e(calcd}/e(calcd) of
340.07 5.7063 1.125448 0.003271 0.003226 the experimentally determined relative electric permittifiexptl) for
338.64 5.3864 1114861 0.003006 0.002967  (0.4026 CH + 0.5974 GHpg) listed in Table 1 from the calculateg(calcd)
336.73 4.9952 1.103135 0.002710 0.002678 as a function of amount of substance dengityat the temperatures and
334.27 4.6135 1.092567 0.002442 0.002415 pressures listed in Table 1: gray triangke(calcd) obtained from the
332.18 4.3034 1.084491 0.002235 0.002213

; P )
32911 39365 1075498 0.002004 0001936 Schmidt and Moldoveéf values of# for each pure component combined

39596 3.6863 1070319 0.001870 0.001854 with eq311 an(_j egs 5, 6, 7 _am;t _estlm_ated frqm the Soav&edllch—.
323.90 33986 1.063308 0.001688 0.001675 Kwong“ equation of state Wlth binary |nteract|_0n paramééer= 0.012;
318.40 29249 1.053563 0.001433 0.001424 gray diamondg(calcd) obtained from the Schmidt and MoldoVeralues

of ¥ for each pure component combined with eq 11 and egs 5, 6, 3and
two correlations: (1) the total molar polarizability for each pure estimated from the Patel and T&&type crossover cubic equation of state
component determined with the parameters reported by Schmidt#ith ki = —0.03606 adjusted to fit thep{, Te, X) data from the literature

- . by Kiselev#>46 a, e(calcd) obtained from the Harvey and Lemm®n
7 r
and Moldovet (egs 5, 6, and 7) with densities from refs 35 correlation given by egs 8, 12, and 13 gmdestimated from the Soave

and 36 combined with Oster's m|X|ng r&?e(eq 11); and (2) Redlich—Kwong*? equation of state with binary interaction parameker
the Harvey and Lemmah correlation that includes egs 8, 12, =0.012;, «/(calcd) obtained from the Harvey and Lemmbcorrelation
and 13 with the critical molar volumes otrcn(CH4) = 200 given by eqs 8, 12, and 13 ang estimated from the Patel and T&&3
cmi-mol—1 andvfn (CsHg) = 98.629 crd-mol! from refs 35 type crcﬁ?‘gver cubic equr_cltion of state V\Iqhz —0.03606 as reported _by
and 37, respectively. For both methods, the density of the il(s)%lgv%v The dashed lines are the estimated expanded uncertainty of
mixture is required to determing, and this was arbitrarily ' '
obtained from the following two sources: the SoaRedlich— Density of (0.4026 Clj+ 0.5974 GHg). Two methods were
Kwong*® cubic equation of state with binary interaction used to estimate the gas-phase amount-of-substance density,
parameterk; = 0.012 as implemented in HYSYSand the on(X, exptl), for the mixture from the measured relative
cubic crossover equation of state by Kiseféd$ these two permittivity e,(exptl). In the first approach, the total polarizability
equations of state, and the values of density obtained from them,of the mixture ©#(0.4026 CH + 0.5974 GHg, p, T) was
will be discussed in the following section. Over the temperature estimated from the Schmidt and MoldoYer”(pn, T) for the
and pressure ranges listed in Table 1 the difference betweenpure components (egs 5 and 6) with parameters from ref 17
the densities predicted by these two methods increased withand p of the pure components from refs 35 and 37, and these
increasing temperature from (1 and 3.4) %. values were combined with Oster’s mixing rtfiéeq 11) and

If the density of the mixture had been estimated with the e(exptl) in eq 7 to give the density of the mixture denoted
Peng-Robinsort” equation of state, with binary interaction pn(SM); eq 8 was also used to estimatg(SM), and the
parameterg; = 0 and without volume translation, the difference difference between these values and those of Table 1 increased
between thee, obtained from method 2 and the(exptl) with increasing temperature from (0.1 and 0.6) %. The second
increased with increasing density from (0.2 and 1.4) %. In the method, the Harvey and Lemmbrcorrelation for”(0.4026
following section we discuss differences between the density CHs + 0.5974 GHg, p, T), was used, and the mixture density
obtained frome,(exptl) and values estimated from equations of pn(HL) was determined by iteration until the difference between
state. In view of these differences jprthe observed variations  the calculated and measured permittivity less than®1The

in € are not surprising. critical molar volumes required for this method were taken
The values ofe, differ, as Figure 6 shows, from all four asV, (CHs) = 200 cn¥-mol~* and V[, (CsHg) = 98.629
estimates af = 318 K (1Gpn ~ 1.4 motcm3), our lowest, cm-mol~! from refs 35 and 37, respectively. The values of

by less thant0.05 %, which is within the combined uncertainty  pn(SM) andpn(HL) are listed in Table 1 at arbitrarily selected

of our measurements and the literature sources. The estimatesemperatures and pressures and differ systematically from 0.6
obtained from the Schmidt and Moldo¥émethod with the % atT = 318.4 K to 1.8 % afl = 343.48 K, which is between
mixture density from the SoaveRedlich—Kwong* equation (0.8 and 2.3) times the estimated expanded uncertainty (see
of state agree within the experimental uncertainty at all below). It is plausible the differences arose because of the
temperatures, but when the mixture density was obtained from limitation of Oster’s rule that was used in method®1.

the equation of state of Kisel&the deviations increased with The uncertainty in the values @f(x, exptl) obtained from
increasing temperature to be 0.3 %Tat= 340.07 K (16p, ~ these two methods has, in the absence of direct measurements,
3.2 motcm™3) and exhibited a step discontinuity to agree within been estimated from measurementscoéind mass density

the stated expanded uncertaintyTat 343.48 K (18p, ~ 4.5 for (0.8419 CH + 0.1581 GHg) reported by May et al* with
mol-cm~3) close to critical. This agreement is considered to be standard uncertainties 6&/e; = 1074 anddp = 4-(0.036 %+
remarkable because the maximum density of the measurement®.013 kgm=3). From these measurements’(x, p, T) was

of ref 17 with propane was limited ta0.0004 moicm~3, which determined and compared with the total molar polarizability of
is 10 times less than the density of our mixture and is one the mixture estimated from¥’(g, CH,, pn, T) of ref 34 and by
plausible source for the step discontinuity shown in Figure 7. extrapolation of/*(1, GsHs, p, T) obtained from the correlation
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Figure 7. Relative deviation&\p/p = { pn(x, calcd)— pn(exptl}/pn(exptl)

of the experimentally determined amount of substance depgity exptl)

for (0.4026 CH + 0.5974 GHg) obtained from the measuredx, T, p) of
Table 1 using eq 14 with”2(x, pn, T) estimated with the Harvey and
Lemmori® method fromp(calcd) obtained from equations of state as a
function of temperatur&: O, Peng-Robinson equation of state with binary
interaction parameteig = 0 as implemented within the software package
HYSYS?* B, Peng-Robinson equation of state witkj = 0.06 as
implemented within the software package HYS¥Sjray square, Peng
Robinson equation of state with volume translation as implemented within
the software package VMG Thermib®, Benedict-Webb—Rubin—Starling
equation of state as implemented within VMGTHerPdoa, Soave-
Redlich-Kwong* equation of state with; = 0 as implemented within
the software package HYSY®%:a, Soave-Redlich—-Kwong* equation of
state withk; = 0.012; ®, Patel and Tef&53 type crossover cubic equa-
tion of state withk; = —0.03606 adjusted to fit the literatur@c( Tc, X)
data by Kiselev546 &, Patel and Tef@53 type crossover cubic equation
of state withkj = —0.04113 adjusted to fit the literaturp, (v, T, x) data

by Kiselev#546 x, values obtained from”(x, pn, T) estimated with the
Schmidt and Moldovéf values of #(on, T) for pure CH and GHs
calculated with egs 5, 6, and 7 combined according to Oster’s rule eq 11
with pn(CHy) of ref 35 andpn(CsHs) of ref 36; 4, Younglove and Ely3
The dashed lines are the expandee-(2) uncertainty ot-0.8 % obtained
from ref 14.

of Younglove and EIf# in the gas phase. Comparison of the
measured and calculated differed by 0.4 % with an estimated
standard uncertainty af0.2 %. On the basis of these measure-
ments, and our use of gas phag¥€CsHs, p, T), it is reason-
able to assume an expanded uncertaintyt0f8 % for the
amount of substance density reported in Table 1. ¥hép,)>

= 1.1 % betweep,(SM) andpn(HL) is another measure of the
uncertainty ino, that is within a reasonable multiple (about 1.4
times) of the estimated expanded uncertainty.

can be found in ref 54 and one related specifically to cubic
equations in ref 55.

Figure 7 shows the difference betwegrobtained from these
equations of state anph(HL). The Soave-Redlich-Kwong
equation of state, which was intended to predict the density of
gas mixtures, wittk; = 0.0 differed frompn(HL) by between
(0.9 and 2.6) %, and whek; = 0.012, these differences
decreased marginally to be from (0.6 to 1.6) %. The densities
estimated from the PengRobinson equation of state, with and
without volume translation and binary interaction parameters
ki = 0, differed with increasing temperature from our results
by between (3.6 and 10.3) %; the largest differences were
obtained when volume translation was included. Whgnr=
0.06, the differences reduced to be systematically greater than
pen(HL) by up to 3 %. These results are not surprising in view
of the criteria used to establish the PeriRpbinson cubic equa-
tion of state. The density obtained from the Starling modification
of the BenedictWebb—Rubin equation of state, as imple-
mented within VMGThermé! deviated systematically from the
measurements listed in Table 1 by between (1 and 2) %.

Because the measurements were performed within the vicinity
of the critical temperatur@. (differences of about 20 K from
the estimatedT.), the density was also calculated with a
crossover cubic equation of state reported by Kisée6;a
generalized cubic crossover equation of state with corresponding
states extended to mixtures with a field variable model has been
reported by Kiselev and E¥§ but was not used in this work.
Kiselev*® used literature values, independent of our measure-
ments, and obtaineklj = —0.03606 andi>, = 0.075 with the
(Po T, X) data andk; = —0.04113 ands» = 0.0802 when g,

V, T, X) data were used. The densities obtained viith=
—0.03606 lie belowpy(HL) by between—(0.4 and 1) % and
within about 2 times the estimated experimental uncertainties
except atT = 343.48 K, at which the difference is 1.8 %.
Adjustment ofk; to be—0.04113 gave densities at< 340 K

that differed frompn(HL) by <1 %, but again al = 343.48 K
there was a step discontinuity so that the difference was 5.1 %.
The Kiselev and Rainwat®r8 parametric crossover representa-
tion of the Helmholtz function with corresponding states, known
by the acronym CREOS-97, was also used to estimate the
density. These estimates were rather disappointing, with dif-
ferences fronp,(HL) of between 12 and 14) %. For the sake

of clarity, the deviations withint2 % of the values listed in
Table 1 are shown in Figure 8 on an ordinate expanded by a
factor of 3.5 over that of Figure 7.

Unfortunately, we are not aware of independent measurements Density is one thermodynamic property that can be estimated

of the amount of substance density for (0.4026,GH0.5974
CsHg) with which to compare the results. Thus, comparisons
have been made with values estimated from the following five
equations of state: (1) the Starlifg® modification of the
Benedict-Webb—Rubin equation of stat® as implemented
within VMGThermo®! (2) the Peng-Robinson cubic equation

of state with and without volume translatiéh(3) the Soave
Redlich—Kwong* cubic equation of state; (4) a cubic crossover
equation of state of the Patel and T8jz type as reported by
Kiselew with interaction parameters adjusted to literature values
of either @, T, X) or (p, V, T, X) by Kiselev?® and (5) the
modified Benedict Webb—Rubin equation of state reported by
Younglove and EIly3 In this work, the PengRobinson and
Soave-Redlich—-Kwong equations of state were implemented
in the simulation software known by the acronym HYS¥'S;
the Peng-Robinson cubic equation of state with volume
translation and the modified BenediétVebb—Rubin were
contained in the software package known by the acronym
VGMThermo®! Comprehensive reviews of equations of state

with equations of state. The agreement between the values of
Table 1 and those obtained from the equations of state should
be considered fortuitous, and no particular relevance should be
attached to the performance of one equation of state over another
based solely on our measurements.

Liquid Volume Fraction. Combination of eqs 16 and 17
provides the expression

3_ Je T,p) — (9, T, p)]
V(l)/em® = 214.978 T T

to determine the liquid volum¥(l) formed in the cavity within
the (I+ g) region. Equation 18 requires values of the relative
permittivity of the two-phase fluid mixture within the phase
envelopes(x, p, T) as well as the relative permittivity of both
the gase(g, T, p) and liquided(l, T, p) at the samep andT as
the mixture.

The measurements reported in ref 2 were performed along
isochors and were sulfficient to determine the first onset of liquid

(18)
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2 Table 2. Relative Electric Permittivity Obtained Experimentally in

O
© o A 2 A x 8] * the Two-Phase Regiorg(I+g, exptl) and the Gas-Phase; (g, exptl)
o A A A % A % % along with the Relative Permittivity Estimated for the Liquid Phase
1 b A , % o A (I, calcd) from Reference 16 with the Density of the Mixture
B X——X————*—————————————O—@ —————— Obtained from the Peng—Robinson Cubic Equation of State
Q X O < o o Including Volume Translation As Implemented within
N 25 VMGThermo ! and the Derived Liquid Volume V(I, exptl) and
é‘ 0 * Liquid Volume Fraction within the Phase Boundary 100V(l,
S * ¢ ¢ exptl)/V(I+g) at Temperature T and Pressurep for (0.4026 CH, +
_________________________ ® . 0.5974 GHg)
1 F >, ] T p M, exptl) 100/(1, exptl)
K MPa (+g, exptl) e(g, exptl) &(l, calcd)  cn¥ V(1+g)
2 L L 1 1 A 337.84 6.6681 1.17377 1.16986 1.39 3.73 6.92
315 120 15 330 135 340 345 335.69 55004 112418  1.12172 147 1.51 2.80
TIK 334.50 5.2168 1.11429 1.11365 1.49 0.37 0.68
334.50 5.4464 1.12144 1.11973 1.48 1.02 1.90
Figure 8. Relative deviation®\p/p = { pn(X, calcd)— pn(exptl)}/pn(exptl) 333.83 5.1848 1.11295  1.11100  1.49 1.10 2.04
of the experimentally determined amount of substance depgity exptl) 333.83 5.4095 1.11983 1.11693 1.48 1.71 3.16
for (0.4026 CH + 0.5974 GHg) obtained from the measuredx, T, p) of 332.50 4.8403 1.10238 1.10042 1.51 1.03 1.90
Table 1 using eq 14 with?(x, pn, T) estimated with the Harvey and ~ 332.50 51150 1.10964  1.10716 1.50 1.36 2.51
Lemmori® method fromp(calcd) obtained from equations of state as a 33250 5.3360  1.11750  1.11251  1.49 2.83 .25
function of temperaturé&: O, Benedict-Webb—Rubin—Starling equation 331.38 4.7881  1.10031 1.09772 152 133 247
of state as implemented within VMGTHermb;A, Soave-Redlich— ggigg gg?iz 1&%39 1'18388 1'53 5'34 397
Kwong*3 equation of state witk; = 0 as implemented within the software ' ) ' 4 1 15 94 7.30
" . 3 . X 330.06 4.4746  1.09188 1.09025 1.53 0.79 1.47
package HYSYS? A, Soave—Redllch—Kwong“ equation of state Wltkij 330.06 4.7196 1.09744 1.09544 1.52 1.00 1.86
= 0.012;#, Patel and Tef&53type crossover cubic equation of state with  329.11 4.4320  1.09040 1.08837 1.54 0.97 1.80
ki = —0.03606 adjusted to fit thepd, Tc, X) data from the literature by 329.11 4.6728 1.09629 1.09345 1.53 1.40 2.60
Kiselev#546 &, Patel and Tef@53type crossover cubic equation of state  326.59 4.1183  1.08199 1.08052 1.56 0.67 1.23
with kj = —0.04113 adjusted to fitp{ V, T, x) data from the literature 326.59 4.3113  1.08606 1.08423 1.55 0.85 1.57
by Kiselev4546 «, values obtained from”(x, pn, T) estimated with the 325.99 4.0907 1.08114  1.07957  1.56 0.70 1.30
Schmidt and Moldovér values of #(on, T) for pure CH and GHs 325.99 4.2825  1.08539 1.08291 1.55 1.14 2.11

calculated with egs 5, 6, and 7 combined according to Oster’s rule eq 11 825.07 3.8295  1.07518 1.07437 L1.57 0.36 0.66

i 25.07 4.04 1.07 1.07 1. : )
WY (CH) of 61 e (CIH) o 1o 36+ voungoue and £l 52507 4059 LT A0TEE A%t oer %
The dashed lines are the expandee-(2) uncertainty of-0.8 % obtained 324.16 4.0074 1.07869 1.07639 1.57 1.01 1.87
from ref 14. 324.03 3.7945 1.07441  1.07286 157 0.67 1.23
324,03 4.0013 1.07855  1.07656 157 0.87 1.62
because it was necessary only to identify the temperature of 32307 36094 = 196995~ 2.06%61 158 014 027
the phase border from measure_ments of the resonance frequencyss 05 35753  1.06921  1.06743 159 0.74 138
However, because the isochoric measurements were performed22.02 3.7025 1.07108  1.06959 1.58 0.63 1.16
with a fixed amount of substance, even near critical, the 320.95 3.5304 1.06756  1.06625 1.59 0.54 0.99
measurements did not extend through the two-phase region to329-9> 3.6563  1.06951  1.06835 ~ 1.59 048 0.89
; . ) 318.15 3.2426 1.06128  1.06031  1.61 0.38 0.71
obtaine(l). Thus,&(l, T, p) was obtained from the correlation 31719 32046 1.06011  1.05967  1.61 0.17 0.32
of ref 16. Thee(g, T, p) values were determined from 316.46 3.1761  1.05924  1.05854 1.61 0.27 0.50
313.04 2.7985 1.05233  1.04982  1.63 0.93 1.72
9% % 312.07 2.7645 1.05176  1.04962  1.64 0.79 1.46
_ d ay [ €r r 311.21 27345 1.05131  1.05016  1.64 0.42 0.78

€(9.T.P) = €(9. T p) + (p— P )(a—p)T (T~ T")(ﬁ)p

(19) values are listed in Table 2 along with the fractiégh)/V(I+g)
of the total cavity volumé&/(I+g). To our knowledge there are

In eq 19¢(g, T4, p?) was obtained at the dew temperatife no values of the liquid volume fraction reported in the literature
and pressur@? from the experimental observations, whereas for our mixture and experimental states with which to compare
the derivatives de/dp)r and @e/dT), were estimated from the  the values in Table 2. In the absence of independent experi-
correlation of Harvey and Lemmds;these values were mental measurements, we compared our values with those
determined from estimates ef at no less than five pressures obtained from the PergRobinson and SoaveRedlich—Kwong
or temperatures, betwe@nandp? or betweenT andT9, within cubic equations of state; the Perigobinson without volume
the two-phase region. Unfortunately, the total molar polariz- translation was implemented with HYSYS whereas the
ability for each pure component estimated from the Schmidt Peng-Robinson with volume translation was implemented in
and Moldovet” correlation combined with Oster’s mixing rule  VMGThermo?! The measured liquid volume fractions are, as
could not be used to verify our estimates of baflg, T, p) and Figure 9 shows, in agreement with those calculated from the
(1, T, p) because at our specififdandp the required densities =~ Peng-Robinson equation of state with volume translation, and
were calculable in the gas phase for methane or in the liquid all but one are within the estimated expanded uncertainty.
phase for propane; the densities of propane also far exceedediowever, the difference between the experimentally determined
the upper value used by Schmidt and Moldo¥e@n the basis liquid volume and that calculated from the Perigobinsor’
of the differences between the observed and estimated relativeequation of state, including volume translation, over the liquid
permittivities of the mixture shown in Figure 6 we anticipate volume fractions of(0.004 to 0.058) are, as Figure 10 shows,
the estimated relative permittivities introduced an additional systematic, with differences from-(L.2 to 1.6) % but within a
uncertainty of<1 % in our calculated liquid volume fractions. reasonable multiple of estimated expanded uncertaintyd100

The volume of liquid formedy/(l), within the (liquid + gas) {V(l)/V(I+Qg)} ~ 0.8. The error is about 10 % ¥(1)/V(I+g) =
region was obtained from eq 18 for measurements at temper-7, and the fractional error increases exponentially with decreas-
atures below those assigned to the phase border in ref 2. Theséng V(I)/V(I+g) to be about 50 % at(l)/V(I+g) = 1.6. In view
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Figure 9. Ratio of the experimentally determined liquid voluivi¢, exptl)
to the total resonator volumél+-g) as a function of the ratio of the liquid
volume calculated, from the Pen@obinsori’ equation of state including
volume translation using VMGThern®,V(l, calcd) to the total resonator
volumeV(l+g): O, T=311.21 K;OO, T = 312.07 K;O, T=313.04 K;A,
T=316.46 K;x, T = 317.19 K;*, T = 318.15 K;+, T = 320.95 K;®,
T=322.02K;m, T=323.01 K;®, T=324.03 K;a, T=324.16 K; gray
triangle, T = 325.07 K; gray solid circle] = 325.99 K; gray solid square,
T = 326.59 K; gray solid diamond, = 329.11 K; gray solid trianglel =
330.06 K; cross on gray backgroun@l,= 331.38 K; asterisk on gray
backgroundT = 332.50 K; cross on gray backgrounis= 333.83 K; gray
circle, T = 334.50 K; gray squard, = 335.69 K; gray diamond[ = 337.84
K. The dashed lines are the estimated expanded uncertaint(l0Q1+g)
= +1.
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Figure 10. DifferenceAV(l)/V(1+g) = {V(I, exptl) — V(l, calcd} /V(I+Qg)

of the experimentally determined liquid voluriv@l, exptl) from the liquid
volume calculated, from the Penobinsort” equation of state including
volume translation using VMGThern®,V(l, calcd) as a ratio of the total
resonator volum&/(l+g) as a function of the ratio of the calculated liquid
volume V(l, calcd) to the total resonator volumgl+g): O, T = 311.21
K; O, T=312.07 K;©, T=313.04 K;A, T = 316.46 K; x, T = 317.19
K; %, T=318.15 K;+, T = 320.95 K;®, T = 322.02 K;®, T = 323.01
K; @, T=324.03 K;a, T = 325.07 K; gray triangleT = 325.07 K; gray
solid circle, T = 325.99 K; gray solid squard, = 326.59 K; gray solid
diamond,T = 329.11 K; gray solid trianglel = 330.06 K; cross on gray
background;T = 331.38 K; asterisk on gray background= 332.50 K;
plus on gray background; = 333.83 K; gray circleT = 334.50 K; gray
square,T = 335.69 K; gray diamond[ = 337.84 K. The dashed lines are
the estimated expanded uncertainty YQpV(I+g) = £1.
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Figure 11. DifferenceAV(l)/V(I+g) = {V(l, exptl) — (I, calcd}/V(I+Qg)
of the experimentally determined liquid volurw@, exptl) from the liquid
volume estimated from an equation of st&f{g calcd) divided by the total
resonator volumé&/(I+g) as a function of temperatufe 0O, V(l, calcd)
from the Soave Redlich-Kwong*3 cubic equation of state as implemented
within HYSYS# <, V(, calcd) from the PengRobinsort” cubic equation
of state as implemented within HYSY3:#, \/(, calcd) from the Peng
Robinson cubic equation of state including volume translation as imple-
mented within VMG Thermé? The dashed lines are the estimated expanded
uncertainty 100(1)/V(1+g) = +1.
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Figure 12. DifferenceAV(l)/V(1+g) = {V(l, exptl) — V(I, calcd}/V(1+g)

of the experimentally determined liquid volurw@, exptl) from the liquid
volume estimated from an equation of st&g calcd) divided by the total
resonator volumé&/(I+g) as a function of pressuge O, V(, calcd) from

the Soave-Redlich-Kwong* cubic equation of state as implemented within
HYSYS <, V(, calcd) from the PengRobinsor’ cubic equation of state

as implemented within HYSY$! @, \/(l, calcd) from the PengRobinson
cubic equation of state including volume translation as implemented within
VMGThermo?®! The dashed lines are the estimated expanded uncertainty
100v(l)/V(1+g) = +1.
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Figure 13. DifferenceAV(l)/V(1+g) = {V(l, exptl) — V(I, calcd}/V(I+g)

of the experimentally determined liquid volurw@, exptl) from the liquid
volume estimated from an equation of st&fg calcd) divided by the total
resonator volum&/(l+g) as a function of the ratio of the calculated liquid
volume V(l, calcd) to the total resonator volumgl+g): O, V(I, calcd)
from the Soave Redlich—Kwong*® cubic equation of state as implemented
within HYSYS# <, V(, calcd) from the PengRobinsort” cubic equation

of state as implemented within HYSY3:#, \/(, calcd) from the Peng
Robinson cubic equation of state including volume translation as imple-
mented within VMGThermé! The dashed lines are the estimated expanded
uncertainty 100(1)/V(1+g) = +1.

from the following three equations of state: (1) Soave
Redlich—-Kwong cubic equation of state witk; = 0.0123:54

of these estimated errors the agreement is considered to bg2) the PengRobinson cubic equation of state wilt) =

remarkable.
The values of the liquid volume fractiow(l, expt)A\V(1+g),
where V(I, exptl) is the volume of liquid within the cavity

0.0124447and (3) the PengRobinson cubic equation of state
including volume translation wittkj = 0.0124751 Figure 11
showsAV()/V(+g) = {V(I, exptl) - V(I, calcd}/V(I+g) as a

determined from the measured resonance frequency, listed infunction of temperature; Figure 12 shows/(I)/V(I+g) as a
Table 2, andv(I+g) the total resonator volume, are shown in function of pressure, wheres Figure 13 shawWgl)/V(I+g) as
Figures 11, 12, and 13 as differences from the values predicteda function ofV/(l, calcd)M(I+g). Not surprisingly, the values
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estimated from equation of state 3 agree with the measurementg18) Harvey, A. H.; Prausnitz, J. M. Dielectric constant of fluid mixtures

within a small (<0.5 times) deviation of the estimated expanded over a wide range of temperature and densitySolution Chent 987

un(,:ertainty of ,Our measurem?nts' In all three .figures, the (19) Oster, G. The dielectric properties of liquid mixturésAm. Chem.
estimates obtained from equation of state 1 provide values of S0c.1946 68, 2036- 2041.

100AV(1)/V(I+g) that deviate by between2.5 and 2 (about (20) Moldover, M. R.; Marsh, K. N.; Barthel, J.; Buchner, R. Relative

twice the uncertainty), whereas those from method 2 of Permittivity and Refractive Index. |IBxperimental Thermodynamics

. ’ Vol. VI, Measurement of the Thermodynamic Properties of Single
100AV(1)/V(I+q) differ by between-1.5 and 4. Nevertheless, Phases Goodwin, A. R. H., Marsh, K. N., Wakeham, W. A,, Eds.;
the 10Q\V(l)/V(I+g) shown in Figure 13, as a function Wfl, for International Union of Pure and Applied Chemistry, Elsevier:
calcd)V(1+g), have a systematic undulation, albeit for equation Amsterdam, The Netherlands, 2003; Chapter 9, pp-£25.

of state 3 within the assigned uncertainty. All of these (21 Marcuwitz, N\Waveguide HandbogvicGraw-Hill: New York, 1951;
ection o.

differences are perhaps, in light of the differences shown in (22) Straty, G. C.; Goodwin, R. D. Dielectric constant and polarizability

Figures 7 and 8 for density, rather surprising. of saturated and compressed fluid meth&rgogenicsl973 13, 712—
715.
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