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ABSTRACT

We plan a rigorous test of the theory of dynamic scaling by accurately measuring the bulk vis-
cosity of xenon in microgravity 50 times closer to the critical temperature 7. than previous experi-
ments. The bulk viscosity ¢ (or “second viscosity” or “dilational viscosity”) will be determined by
measuring the attenuation length of sound ¢, and also measuring the frequency-dependence of the
speed of sound. For these measurements, we developed a unique Helmholtz resonator and
specialized electro-acoustic transducers. We describe the resonator, the transducers, their
performance on Earth, and their expected performance in microgravity.

Any fluid very near its liquid-vapor critical point contains highly-correlated density fluctua-
tions characterized by a long relaxation time 7 When wr>1 [where w= 2xnl{period of sound
wave)] the attenuation of the sound greatly exceeds the attenuation calculated from the shear
viscosity and thermal conductivity. The excess sound attenuation is associated with dilatational
motion of the fluid and is accounted for by the bulk viscosity. The excess attenuation encountered
In monatomic, near-critical, xenon somewhat resembles the excess attenuation encountered in
polyatomic molecules that have a long relaxation time characterizing energy exchange between
translational and internal degrees of freedom

According to the theory of dynamical scaling, both the attenuation length ¢; and the sound-
speed dispersion become universal functions of wr as the reduced temperature ¢ I 0. [Here
¢t 0 (TUT,)'T,.] The best prior tests of the theory were conducted in near-critical xenon and helium
[1,2] at frequencies of 0.5 MHz and higher. These tests encountered the condition wr=1 at
¢ 107, The experimenters introduced empirical parameters to describe how their o(wr) data
might cross over from the experimentally accessible region to the expected asymptotic region at
smaller values of . Even with such parameters, the data disagreed with theory, within combined
uncertainties. Because we are using lower frequencies (130 Hz to 1300 Hz) and because we will
use microgravity to evade the stratification of near-critical xenon in the Earth’s gravity, we expect
to encounter wr <1 at7 02 x 107, 50 times closer to 7.

For these measurements, we designed the acoustic resonator shown in Figs. 1a and 1b. It is
composed of two chambers connected by a small tube. The chambers are cylindrical with perpen-
dicular axes. The chambers have nearly equal volumes (~10 cm’), but very different aspect ratios.
One is 48 mm long with a 16 mm ID; the other is 22.2 mm long with a 23.5 mm ID. The
connecting tube is 15 mm long with a 4 mm ID. This resonator has two low-frequency acoustic
modes that are well separated from each other and all other modes. The lowest-frequency mode is
a Helmholtz mode in which the gas oscillates between the chambers through the small tube. In the
next mode, the gas oscillates along the length of the longer chamber. For these two modes in
microgravity, Figure 2 shows the expected contributions to the acoustic losses Q' from the bulk
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viscosity, the shear viscosity, and the thermal conductivity. On Earth, the stratification of the
xenon’s density from the top to the bottom of the resonator will prevent accurate measurements
of the bulk viscosity closer than 150mK to the critical point (1 < 5 X 10™).

(a) Fig. 1 (b)

Two types of transducers have been developed to both excite and detect sound. The first type
uses piezo-ceramic disks epoxied to the outside of a 2.5mm thick diaphragm at each end of the
chambers. Flexure of the diaphragms couples to the radial displacement of the ceramics and,
therefore, to the voltages that are applied or detected at the electrodes. The advantages of this
technique are (1) electrical feedthroughs are not necessary, (2) no foreign materials come in con-
tact with the xenon, and (3) coupling to the xenon is independent of temperature.
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The second type of transducer is immersed in the xenon. It consists of closely-spaced
(< 10 um), interdigitated electrodes deposited on a quartz substrate. (The electrodes are the
lighter areas in Fig. 3.) For detecting sound, the electrodes are biased with a DC voltage. An im-
pinging acoustic wave changes the density of the xenon near the electrodes. The resulting change
in capacitance generates an AC signal. To generate sound, an AC voltage V" at frequency f is ap-
plied to the interdigitated electrodes. The resulting electric field creates a pressure (proportional
to ) that pulls the xenon towards the electrodes at frequency 2f. This phenomenon is called elec-
trostriction. The advantages of the interdigitated transducers are (1) the frequency response is
straight forward to model, (2) low dissipation, (3) no cross talk between drive and detection cir-
cuits, and (4) the sensitivity increases with the isothermal compressibility as /I 0.

[1] Garland, C. W., and R. D. William, 1974, Phys. Rev. A10, 1328.
[2] Doiron, T., Gestrich, D., and H. Meyer, 1980, Phys. Rev. B22, 3202.
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We plan a rigorous test of the theory of dynamic scaling by accurately measuring the bulk
viscosity of xenon in microgravity 50 times closer to the critical point than previous
experiments. The bulk viscosity ¢ (also “second viscosity” or “dilational viscosity”) will be
determined from measurements of sound attenuation ¢, and dispersion. For these
measurements, we have developed a unique acoustic resonator (Greenspan viscometer)
and specialized electro-acoustic transducers.

The resonator is an asymmetric double-chamber Helmholtz resonator designed so that the
2 lowest frequency modes are isolated and non-degenerate. The lowest mode is a Helmholtz
mode, characterized by alternating gas flow from one chamber to the other through a small
connecting tube. This mode has a very long wavelength (0.5m) and low frequency (120 Hz).
The next mode is the 18t longitudinal mode of one chamber, which occurs when the
wavelength (0.1m) is twice the chamber’s length.

With these two modes, we will measure the dissipation and dispersion between f = 1x10-3
and 1x10% in microgravity. Initial ground-based experiments will demonstrate the saturation
of thermal boundary layer dissipation. These measurements and others will provide a means
to optimize the resonator design so that the most accurate measurements over the widest
temperature range will be possible in microgravity.
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Motivation

e The attenuation length ¢, and the sound-speed dispersion become universal
functions of wtas ¢l 0, according to dynamic scaling theory.

e The best prior tests of the theory were conducted on Earth in near-critical xenon
and helium at frequencies of 0.5 MHz and higher. These tests encountered the
condition wt=1 at t 0 103.

e Empirical parameters were used to describe how their o,(wt) data might cross
over from the experimentally accessible region to the expected asymptotic region at
smaller values of { The data did not agree with theory within the combined
uncertainties.

Our approach

e We use lower frequencies (120 Hz to 1300 Hz) and plan to use microgravity to
evade the stratification of near-critical xenon in Earth’s gravity. We expect to
encounter @t < 1 at t0 2 x 10-°, 50 times closer to T_than previous measurements.

e Initial ground-based experiments will verify the saturation of thermal boundary
layer dissipation for t 005x104. Gravity will limit bulk viscosity measurements for
f1x1073.

e Micro-interdigitated electrode capacitors are being developed as electro-acoustic
transducers based on the principle of electrostriction.
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The critical point

The critical point is the highest temperature where liquid and vapor can

coexist in the same container.
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Critical Fluctuations S

The sizes of the fluctuations are characterized by the correlation length &
If the density is exactly the critical density

-9
7T,
E=¢&, - ¢ =& =1.84x10710"Pm

C

Thus, & reaches 1.1 um at t = 106, corresponding to 0.3 mK above T..
Large & implies intense light scattering, critical opalescence.

& is a natural measure of the distance from the critical point and governs
thermodynamic behavior in the critical region.
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Bullk Viscosity

Bulk viscosity { of a fluid represents a resistance in the relationship between density
and pressure that arises from the conversion of kinetic energy between translational
and internal degrees of freedom governed by one or more relaxation times ;.

Sound waves are oscillating pressure/density fields that will exhibit attenuation and
dispersion due to bulk viscosity when 27z f7, =1
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Important for polyatomic fluids at low densities
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Bullk Viscosity
* Near critical points, monatomic fluids behave like polyatomic fluids with an infinite number
of slowly relaxing modes. The distribution of relaxation times is characterized by:

-V (3+zn )

t=6mné’ /(kyl.) =Tyt =1, (=(I-1,)IT,
C ~ RBTPCCZ oc 62.89 oc t—1.82

Kogan and Meyer. 1998 Measurements and theory do not agree.
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Expected Results
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Amplitude (uV)
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