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ABSTRACT

We have used a reentrant radio-fiequency (rf) cavity as a resonator operating near 375 MHz to
measure changes in the dielectric constant of fluids within it. The utility of these measurements was
demonstrated by determining the dipole moment of 1,1,1,2,3,3-hexafluoropropane, a candidate
replacement refrigerant (denoted R236ea) and by detecting the phase boundaries in the mixture
((I-JOC2H6 + XCO2), for the mole fraction x = 0.492. The densities of the coexisting phases of the
mixture were determined using the Clausius-Mossotti relation which has errors on the order of 0.5 %
in this application. To test the accuracy of the present techniques, the rf resonator was calibrated with
helium and then used to redetermine the molar polarizability Ae of argon. The results were in
excellent agreement with published values. Our design of the reentrant resonator makes it suitable for
use with corrosive fluids at temperatures up to 400°C.

1. INTRODUCTION

In the present work, we are extending techniques for measuring the dielectric constants of fluids
at radio frequencies (rf). The primary objective is to develop a versatile, reliable, automated method
of detecting the density changes associated with the onset of phase transitions in fluid mixtures. Such
a method would be an economical alternative to those tedious conventional experimental
investigations of dew and bubble curves that rely on visual observation of the first onset of liquid or
vapor. Conventional investigations often involve sample volumes on the order of 500 cm3 and suffer
uncertainties arising from "dead" volumes. Sometimes, these apparatus use mercury to vary the
volume. If so, they cannot be used at high temperatures. The methods developed here use samples on
the order of 60 cm3 and are applicable to high temperatures.

Capacitors that can be easily filled with various test fluids have a capacitance of no more than a
few hundred picofarads in vacuum. Thus, at audio frequencies, they are high-impedance electrical
sources (typically 0.1-1 Mii). It follows that the measurement of the dielectric constant at audio
frequencies puts great demands on the insulators that are used to maintain the stable mechanical
spacing between the conducting plates. Furthermore, even the slight conductivity that results from
polar impurities in normally insulating fluids may interfere with the measurements. As the
temperature is raised, the conductivity of most fluids increases and the difficulties in measuring the
dielectric constant at audio frequencies increases.

At rf and microwave frequencies, the source impedance of capacitors is much lower; therefore, a
greater parallel conductivity can be tolerated. Furthermore, as shown below, rf capacitors can be
designed that do not have insulators in critical locations. 'iTiis avoids metal-insulator joints that are
often troublesome when they are subjected to stresses from either thermal expansion or applied
pressure.
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2. REENTRANT CAVITIES

Reentrant if cavities have been used to accurately measure the dielectric constant and losses of
solid insulators [1,2] at frequencies of 50- 1000 MHz. They have been used by Van Degrift as
pressure sensors and he proposed that they be used as thermometers, accelerometers, and liquid-level
indicators. [3,4].

In a first approximation, reentrant cavities function as a parallel LCR network with a resonant
frequency given by

1^, (1)

where L is the inductance and C is the capacitance. For a resonator constructed from non-magnetic
materials, both L and C are determined by the geometry of the cavity and by the electrical properties
of the fluid within it. L is proportional to the relative permeability & of the fluid and C is
proportional to the dielectric constant of the fluid e,. For almost all fluids, (/Vl) « fe-1); therefore,
the changes i n / are dominated by the changes in the capacitance. (As an example, we mention
difluorodichloromethane at 298 K and 0.1 MPa for which (^-1) = lxlQ-8 [5] and (5.-I) = 3xl0"3}
Thus, the problem of measuring changes in the dielectric constant is reduced to the easier problem of
measuring changes in a resonance frequency.

A cross-section of one reentrant resonator used in this work is shown in Fig. 1. Most of the
resonator was comprised of two metal parts. The lower part was a hollow cylinder closed at the
bottom. It had an internal radius b = 25 mm and a wall thickness of 10 mm. The upper part of the
resonator served as a lid to the cylinder and had a bulbous coaxial extension into the cavity. Near its
top, the extension to the lid had an outer radius c = 5 mm and an effective length / = 18.5 mm. The
bulbous portion of the extension had an outer radius a = 24 mm and a length M = 20 mm. The
assembled resonator had an internal volume of approximately 60 cm3.

When the resonator was assembled, an annular gap 1 mm wide separated the bulbous extension
of the lid from the inner surface of the cylinder. To a first approximation, we measured

Co-axial cable — _ ; ,—Th«rmnm«t«r the dielectric constant £, of the fluid in this gap.
The capacitance of the gap was estimated from

Thermometer
well

Seal

27 pF , (2)

where £Q is the permittivity of vacuum. This
estimate for C is approximately 10% too small
because it neglects the capacitance of the volume

Gold o-ring beneath the bulbous extension. The inductor L
inductor was formed by the upper part of the cavity and

has the approximate value:
Bolt

L = no&l laCb/c) I {2n) = 5.96 nH, (3)

Capacitor w{jere /lo is the permeability of vacuum.

The amplitudes of the rf fields decay
exponentially within the metal walls of the
resonator. At 375 MHz, the decay length is:

* • a

mm 6.8 (4)

FIGURE 1. Cross-section of the reentrant cavity.
where /i,. and a are the magnetic permeability and
the conductivity of the wall, respectively. For the
brass resonator, we used the electrical resistivity
from [6].
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The resistance R that appears in series with the inductor and in parallel with the capacitor was
estimated from

Here / '= 17 mm was the length of the inductor at its inner radius c and / " = 40 mm was the sum of
the length of the inductor at its outer radius b and a length M to account for the effective current path
in the capacitor.

The resonance frequency predicted by Eq. (1) is 394 MHz; however, it was found to be
375 MHz. This 5% difference is not surprising because the dimensional measurements and the model
for the reentrant resonator represented by Eqs. (1) - (5) are very crude in comparison with the
precision of the frequency measurements. Furthermore, we expected corrections to C on the order of
5% resulting from fringing fields [(b - a)/M = 0.05] and comparably sized corrections from the volume
below the gap. Corrections to L and C from the rf decay length are on the order 5/(dimensions of the
cavity). For the smallest dimension of the capacitor they are 5/(b-a) ~ 1 |im/l mm = 0.007. There are
also corrections to Eq. (1) on the order of l/Q2, depending on how the resonance is excited and
detected.

In the simple model presented here, the quality factor for the brass resonator at 375 MHz is
estimated to be:

= 1155. (6)

The measured value of Q was only 604. Some of the excess loss was traced to excessive coupling of
the rf out of the resonator. The coupling loops in the prototype resonator were approximately
semicircles 5 mm in diameter and in a plane through the axis of the resonator. In future work, the
coupling will be reduced by rotating the planes of the loops.

Both parts of our first reentrant resonator were machined from a single cylindrical billet of
yellow brass (65% copper, 35% zinc). The parts met at an interlocking step. The step ensured
accurate concentric alignment of the parts when they were bolted together. The assembled resonator
was sealed with a gold O-ring; thus, its outer shell acted as a pressure vessel. The data reported
below were obtained this brass resonator. Subsequently, we have manufactured a resonator from
Inconel 625 [7] for use at high temperatures.

In the prototype resonator, the two electrical feedthroughs were formed from stainless-steel,
PTFE-insulated, coaxial cables that were sealed into the lid with high-pressure conical fittings
machined from nylon. In the high temperature version of the resonator shown in Fig. 1, special high-
temperature coaxial cables were welded into plugs that were themselves welded into the lid of the
resonator. The seals in the high-temperature cables are the only insulators in that resonator. Such
seals are often used in high vacuum systems which are baked at 450°C. In the rf resonator, the
electrical resistance of the seals can be much smaller than the resistance required of spacers used in
capacitors at audio frequencies. Furthermore, the dimersional stability of the seals is not critical.

In our prototype work, the resonance frequencies / and quality factors Q were measured with a
network analyzer. When the network analyzer excited the resonator at 0 dBm, the signal detected at
resonance was -14 dBm. The complex transmission coefficient S21 was measured at a series of
frequencies near the resonance at 375 MHz and the data were fitted to determine / and Q. Typically,
the standard deviation of the fit was fractionally 5xlO~8x/, and / and Q were determined with
precisions of approximately 10~7 and 10"4, respectively. The next higher frequency resonance was a
microwave mode near 2.1 GHz; its overlap with the 375 MHz rf mode was negligible.

During future routine applications, we anticipate that the reentrant resonator will be used as the
frequency-determining element in an oscillator and that a comparatively inexpensive frequency
counter will be used to monitor changes in the fluid's dielectric constant.
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3. EXPERIMENTAL PROCEDURES AND MATERIALS

3.1 Gas handling procedures: Measurements on the pure fluids discussed below were obtained
along isotherms. To obtain phase boundaries of a fluid mixture under precisely controlled conditions,
the following operations were used: (1) The resonator and capillary filling lines were baked at 360 K
under vacuum; (2) the homogeneous sample was slowly expanded into the cavity; (3) when the
required pressure had been attained the resonator was sealed and its contents remixed until the
frequency / and pressure p had been stable to within pre-set limits; (4) the apparatus was cooled to
within => 5 K of the known phase envelope, and the isochore commenced; (5) at each of the 0.25 K
temperature steps the frequency, temperature, and pressure was measured; (6) after the phase
transition had been determined, the cell was returned to a temperature = 20 K above the transition, and
the sample was heated asymmetrically to remix it convectively; (7) when the sample was
homogeneous, as indicated by / and p, a small quantity of fluid was expanded out of the resonator;
and (8) steps 4 through 7 were repeated until data were obtained.

3.2 Additional capacitance measurements: The phase boundaries of the mixture
{(l-jr)C2Hg + XCO2) (with x = 0.492) that were determined with the reentrant resonator were
compared with additional capacitance measurements that used a conventional capacitor and a
capacitance bridge operating at 1 kHz. The capacitor used for these additional measurements had
been constructed by Younglove and Straty [8]. The electrodes were coaxial cylinders held in place by
cones at each end and insulated with a 12 /zm thick Kapton [7] polymer sheet.

3.3 Thermostat and thermometry: The entire resonator as well as the valve used to seal the test
gas within it, were suspended inside a stirred fluid bath that was thermostatted to 1 mK. The
temperature of the sample was determined with an industrial-grade stainless-steel-sheathed platinum
resistance thermometer and is reported on ITS-90. As indicated in Fig. 1, a blind hole was drilled into
the lid of the resonator to accept the thermometer. Resistances were measured with a d.c. digital
multimeter operating at a current of 1 mA, with a resolution of 0.1 taSl and a fractional accuracy of
4.5xlO~5. When the current was reversed, no differences were observed in the multimeter reading.
The short term accuracy of the multimeter was continually determined by comparison with a standard
resistor.

3.4 Pressure measurement Two pressure gages were used for these measurements. For the
dielectric constant measurements, pressures were measured with a fused-quartz bourdon-tub"
differential pressure gage. The manufacturer's calibration data indicated that the gage had a full scale
of 10 MPa and was linear to lxl0~5. However, the zero pressure indication of the gages varied by up
to 1 kPa between checks. The reference port of the gage was continuously evacuated by a mechanical
vacuum pump and monitored with a thermocouple vacuum gage. For the phase boundary
measurements another quartz pressure gage was used. It had a precision of 0.01 kPa and the
manufacturer stated that its accuracy was 5.3 kPa. It was mounted in the thermostat fluid with the
sensing element in the same plane as the center of the capacitor. When we compared this device to
the fused-quartz bourdon-tube differential pressure gage, we found differences of 4.29 kPa at pressures
between 0.1 MPa and 6 MPa. When this offset was accounted for, the discrepancies were reduced to
less than 0.1 kPa, a level more than adequate for our purpose and well within the manufacturer's
quoted accuracy.

3.5 Characterization of gases: The gaseous mixture (I-JOC2H6 + JCCC>2 with x=0.492 was
prepared gravimetrically by Magee [9] and was used by him for specific heat measurements and by
Weber [10] for equation-of-state measurements. We used a diaphragm pump to compress this sample
from its low-pressure (=700 kPa) storage containers into a 1000 cm3 vessel at a pressure greater than
9 MPa. During the compression, the temperature of the gas manifold was maintained at least 20 K
above the cricondentherm. After pumping, the mixture was convectively remixed. The carbon
dioxide and ethane were both research grade materials supplied by Matheson Gas Products, Inc. [7]
with a stated minimum mole fraction purity of 0.99995 and 0.9996, respectively.

The sample used to determine the dipole moment of R236ea was supplied by PCR Inc. [7] which
claimed that it had a minimum purity of 0.995 on a mole fraction basis. No information was provided
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concerning possible water and air impurities. We analyzed the manufacturer's sample with a gas
chromatograph fitted with a thermal conductivity detector and 3 m column packed with Carbopack
and 5% Fluorcal [7] as the stationary phase operating at a temperature of 383 K. Four impurities were
detected: one was air with a mole fraction of 0.025 and the remaining three were not identified.
Presumably they were other halogenated hydrocarbons. The ratio of the area of the unidentified peak
to that of the sample was 0.0013. Before use, the sample was degassed by vacuum sublimation and
dried over 0.4 nm molecular sieve.

During the course of a set of measurements on each isotherm, aliquots of R236ea were cryo-
pumped from the reentrant resonator into an ampoule. The sample recovered from the ampoule at the
conclusion of the experiment was analyzed with the same gas chromatographic techniques described
above and no air was detected in it.

4. RESULTS AND ANALYSIS

4.1 The empty reentrant resonator When the prototype reentrant resonator was assembled in
ambient air, its quality factor Q was approximately 400. At this stage the surfaces of the cavity had
turning marks left from the machining process. The interior surfaces of the resonator were then
polished with successively finer grades of emery paper and cutting oil and finally a commercially
available brass polish. After polishing, most of the tooling marks had been removed and the Q had
increased to approximately 600. We then detennined the resonance frequency of the evacuated
resonator/(p=0,T) at 13 temperatures between 280 K and 340 K. The results can be represented as a
function of the Celsius temperature t by:

f(p=O,t) = (374.9679 ± 0.0004) MHz x [1 + (19.04 ± 0.07)xlO~6f - (5.8 ± 0.9)xl0-9r2] (7)

The linear coefficient of thermal expansion, 19.04 ± 0.07, was in excellent agreement with a value
from the literature [11]. Measurements obtained while increasing and decreasing the temperature
differed by less than 2X10-6 demonstrating the short-term mechanical stability of the resonator.
However, measurements of f(p=Q) following application of pressure to the resonator differed from
Eq. (7) by as much as 45 ppm (parts per million). Presumably, a steel resonator would have less
hysteresis.

4.2 Calibration of the resonator with helium: The capacitance associated with the rf resonance
is determined by the small gap in the reentrant resonator; thus, it is particularly sensitive to the
dilation of the resonator that occurs when unequal pressures are present inside and outside the
resonator. The pressure dependence of the capacitance C(tj>) was detennined from measurements of/
with helium in the resonator at pressures spanning the range 10 kPa to 300 kPa at 7 temperatures
between 280 K and 340 K. For this analysis, we used the dielectric constant of helium from
measurements of the temperature and pressure by using the virial equation of state together with the
expansion of the molar polarizability P in terms of the density:

P = (e, - IMS + 2)p] =As + BeP +Cep2 • • •, (8)

We used the value Ae = (0.5196 ± 0.0002) cm3-mol-i from [12] and the value B = 11.59xl0-6 nWmol
from [13] for the second virial coefficient of helium. The results of the calibration were expressed as
a calibration factor a:

a(tj3) = C(t,0)/C«,p) = [1 + 5.463xl0-10(p/Pa) x (1 + 4.48xl(Hr)]. (9)

For subsequent measurements with other gases, the dielectric constant e, was deduced by multiplying
the square of the resonance frequency ratio fiOJOy/ftitjf) by a(t,p). We compared Eq. (9) with a
simple model for the resonator that used the elastic constants of brass [14]. The model overestimated
the pressure dependence of a{t,p) by 30%.
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4.3 Dielectric constant of argon: We measured the dielectric constant of argon on 6 isotherms
at temperatures between 280 K and 330 K and pressures spanning the range 20 kPa to 280 kPa. For
these measurements we used Eq. (9) to account for the resonator's dilation and redetermined /(7>=0)
on each isotherm. Fig. 2(a) shows the dielectric constant of argon as a function of density p. As
expected, ^ is a linear function of p and independent of temperature. The 52 measurements of e,
were fitted by Eq. (8) with the result Ae = (4.1350 ± 0.0004) cm3mol-1. For the fif, the density was
calculated correct to the third virial coefficient with values obtained from [13J. Our results are
illustrated in Fig. 2(b) as deviations from this fit. Our value of Ae is 0.11% smaller than the value
(4.1397 ± 0.0006) cm 3 moH reported by Bose and Cole [15]. We expect that a more sophisticated
model for the resonator will resolve the difference.
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FIGURE 2. (a) Measurements of the dielectric constant ^ for argon as a function of density p. (b)
Fractional deviations of the measured total polarizability P from the value 4.135 cm3/mol.

4.4 Dielectric constant of R236ea: The reentrant resonator was used to measure the dielectric
constant of R236ea at nine temperatures between 273.2 K and 350 K. The greatest pressures were
restricted to 0.6 times the vapor pressure to avoid the effects of precondensation; none was observed.
The results are shown in Fig. 3(a). The data for R236ea reveal temperature-dependent e^ in contrast
with the data for argon. Molecules such as R236ea have several conformal isomers with different
dipole moments. The populations of the isomers vary with temperature leading to a temperature-
dependent dipole moment ]i{T). We deduced fi(T) from the Debye equation

e = Ae(a\om.) (10)

where Ae(atom.) and Ae(elec.) are the atomic and electronic contributions to the molar polarizability, NQ
is Avogadro's constant, and k is Boltzmann's constant. We obtained the value Ae(elec.) =
15.9 cm3-mob1 from measurements of the refractive index n of liquid R236ea using methods and an
apparatus that has been described in detail elsewhere [16]. The measured refractive index was
corrected to zero frequency using the empirical observation [17] that n(f=0) = 0.99n(f) to obtain
n = 1.2359. Then /4e(elec.) was deduced using the Lorentz-Lorenz relation

2) = p(p,7>4e(elec.) (11)

together with a measurement of the molar density of liquid R236ea reported by others [18]. In the
absence of spectroscopic information with which to determine Ae(atom.), we resorted to the observation
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FIGURE 3. (a) Measurements of the dielectric constant e, for R236ea as a function of density p. (b)
Dipole moment fi for R236ea as a function of the temperature T.

that Ae(atom.) = 0.17Ae(elec.) [17]. For R236ea, Ae(atom.) contributes less than 6 % to Ae and a 5 %
error in <4e(atom.) would lead to a fractional error in /i of only 0.001 in the worst case. The values of
the dipole moment n(T) are shown in Fig. 3(b).

The dielectric constants of polar molecules such as R236ea are frequency-dependent. To estimate the
scale of this effect, we remeasured the dielectric constant of 2-(difluoromethoxy)-1,1,1 -trifluoroethane
(E245). At 335.84 K and 33.3 kPa, we obtained the value e, = 1.002512 at 377 MHz. This value is
0.000048 smaller than the value ^ = 1.00256 obtained at 1 kHz under similar conditions [19]. The
difference is 2.4 times the uncertainty in the 1 kHz value and has the sign expected of dielectric
relaxation. If extremely accurate values of ^ are required near zero frequency, attention should be
paid to dielectric relaxation.

4.5 Phase diagram for the mixture (0.508 C2H6 + 0.492 CO2): To detect the onset of phase
separation in mixtures, we confined each sample to the resonator and monitored the resonance
frequency as the temperature was reduced. To a good approximation, the density of the sample (and
the resonance frequency) did not change until a second phase (either a bubble or a drop) formed. The
formation of a second phase was accompanied by flow of some of the parent phase into or out of the
capacitor.

Fig 4(a) shows the results for the binary mixture (0.508 CO2 + 0.492 C2H6) when the density
was 4.687 mol/dm3 and when the temperature was in the vicinity of a dew point at which a droplet of
liquid formed in the resonator, presumably near its bottom. As the temperature was reduced in steps
of 0.25 K, each lasting one hour, the droplet grew and the density of the remainder of the sample,
including the sample within the annular capacitor, decreased. The frequency increased as the
capacitance decreased. The onset of condensation was determined with a precision of ± 0.06 K. (At
the phase transition dfldT- -1 MHz-K-1, and the fractional precision in each frequency measurement
was about 5xlO~8.) At precisely the same temperature that df/dT had a discontinuity, the derivative of
the half-width of the resonance frequency dg/dT also had a discontinuity. The half-width is a function
of the rf decay length 8 which itself depends upon the frequency through Eq. (4) and through other
effects.

The values of/near a bubble point at a density of 12.508 moldm3 are shown in Fig. 4(b). They
provide further evidence for the extraordinary precision with which phase changes can be detected
using a reentrant resonator. At this density, df/dT = 1.5 MHz- K~i.

From our measurements of e, and Ae for each component, and assuming Ac(x) is equal to the
mole fraction sum, we estimated the density p of the fluid within the capacitor. We used the coaxial
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^ = (5110±8)kPa. Right: bubble point on the isochore p = 12.51 mol dm-3 where
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capacitor [8] and 1 kHz bridge to determine /4e(CO2, 1.45 MPa, 293.1 K) = 7344 cm3 • mob1 and
^e(C2H6, 2.77 MPa, 293.1 K) = 11150 cm3 • moH. Based on the vapor-liquid equilibria and dielectric
constant measurements for helium and carbon dioxide systems of Burfield, el al. [20], we conclude
that our values of p have an accuracy of approximately 0.5 %.

In Fig. 5(a) we show the experimental values of the pressure p(T) at the onset of phase
separation for this mixture. We have included our results obtained with the reentrant resonator and
those obtained with the 1 kHz coaxial capacitor, together with those reported by Weber from
conventional equation-of-state measurements [10]. Also shown are two correlations of other
experimental information independent of ours based on Leung-Griffiths-type equations of state
[21,22]. The level of agreement is quite remarkable. The density values are illustrated in a p(T)
projection in Fig. 5(b), along with values calculated from references [21] and [22]. Again, the
agreement is very good. It demonstrates the utility of the present method as well as the accuracy of
the assumption that Ac(x) for this mixture is equal to the mole fraction sum.

CO

a.

280 290
77 K

290
r/K

FIGURE 5. Phase borders for the mixture (0.508 C2H6 + 0.492 CO2). o, This work, reentrant
resonator; •, this work, concentric cylinder capacitor; a, equation-of-state measurements from [10];

, correlation of literature data [21]; ; correlation of literature data [22].
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