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Frequency-dependent viscosity of xenon near the critical point

Robert F. Berg and Michael R. Moldover
Physical and Chemical Properties Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8380

Gregory A. Zimmerlt
NYMA Incorporated, 2001 Aerospace Parkway, Brook Park, Ohio 44142
(Received 9 March 1999

We used a novel, overdamped oscillator aboard the Space Shuttle to measure the visobsiynon near
its critical densityp. and temperatur@. In microgravity, useful data were obtained within 0.1 mKTqf,
corresponding to a reduced temperatusd T—T,)/T,=3x 10 . Because they avoid the detrimental effects
of gravity at temperatures two decades closéF gthan the best ground measurements, the data directly reveal
the expected power-law behavigr:t 7. Here v is the correlation length exponent, and our result for the
viscosity exponent ig,=0.0690+ 0.0006.(All uncertainties are one standard uncertain@ur value forz,,
depends only weakly on the form of the viscosity crossover function, and it agrees with the value 0.067
+0.002 obtained from a recent two-loop perturbation exparsioiiao, R.A. Ferrell, and J.K. Bhattacharjee,
(unpublishedl]. The measurements spanned the frequency range2f H42 Hz and revealed viscoelasticity
whent=<10"5, further fromT, than predicted. The viscoelasticity’s frequency dependence scalds, aghere
7 is the fluctuation-decay time. The fitted value of the viscoelastic time-scale parakist2i0+ 0.3 times the
result of a one-loop perturbation calculation. Néar, the xenon’s calculated time constant for thermal
diffusion exceeded days. Nevertheless, the viscosity results were independent of the xenon’s temperature
history, indicating that the density was kept ngqrby judicious choices of the temperature versus time
program. Deliberately bad choices led to large density inhomogeneities> 20 °, the xenon approached
equilibrium much faster than expected, suggesting that convection driven by microgravity and by electric fields
slowly stirred the sampld S1063-651X%99)04210-5

PACS numbg(s): 51.20:+d, 05.70.Jk, 64.60.Ht, 83.50.Fc

. INTRODUCTION the heighth and the acceleration of gravity as (gh)%54
Thus, a significant reduction of;, requires either a viscom-
As the liquid-vapor critical point is approached, the sheareter withh<0.7 mm on Earth or the use of microgravity.

viscosity (&) measured in the limit of zero frequency di- Here we report results obtained with a novel viscometer
verges ast?n, where¢ is the correlation length, which itself that we integrated into the “Critical Viscosity of Xenon”
diverges on the critical isochore &s”. [Here,t=(T—T,), (CVX) experiment instrument and operated in 1997 aboard

T, is the critical temperature, ang=0.630] The viscosity the Space Shuttle Mission STS-85. In the Shuttle’s micro-
exponentz, is central to the theory of dynamic critical phe-

nomend1]; the quantity 3+z, is called the “dynamic criti- ok ° o S
cal exponent,” and it characterizes transport phenomena in micg\é:(avity
all near-critical fluids with a scalar order parameter. Because

asymptotic .
power law

the exponentz,=0.069 is so small, it is very difficult to :‘f 65 - y .
measure accurately on Earth in a pure fluid such as xenon.g; high-Q osaillator

Far from the critical point, the separation of the viscosity's 2 ok ground @ Ol _
divergent critical contribution from the analytic background ‘g .
contribution is uncertain because the critical contributionisa § a6 AAMNSEERE ) CVX calibration
small fraction of the total and because the separation depends> 55|

sensitively upon the “crossover functionH(£), which is
known only approximately. Close to the critical point, the
very compressible xenon stratifies in the Earth’s gravity and [ T R T R ol
the divergence of the viscosity is blunted in a manner that 107 10° 10 104  10° 102 10"
depends upon the height of the viscometer. As illustrated by t= (T-T)/ T
Fig. 1, stratification visibly blunted the divergence of the - )/ T
viscosity of xenon nearmin_:3><1(_) °, even when the mea- FIG. 1. Log-log plot of xenon’s viscosity measured along the
surements were made using a higrescillator only 0.7.mm  yisica) isochore near the critical point. The asymptotic line has the
high. The arguments of Ref2] show thatty, scales with  siope z, /v=0.0435 deduced from the present microgravity data.
NearT,, the CVX microgravity datdRe(z) at 2 Hz depart from
the asymptotic line because of viscoelasticity. The two sets of
*Present address: National Center for Microgravity Research, c/ground data depart from the asymptotic line further frdmbe-
NASA Glenn Research Center, MS 110-3, Cleveland, OH 44135.cause the xenon stratified in Earth’s gravity.
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gravity environmentapproximately %10 ° m s 2), CVX 2
obtained useful viscosity data &f;,=3x10’, two decades 70 [oHz (a)
in t closer toT, than the best ground-based measurements 12z
Indeed, the present data are useful closer tthan the data -
from any prior studies of liquid-vapor critical points, includ- o 65k
ing those conducted in microgravitg.g.,[3—7]). The CVX =
data yielded a more accurate valuezgfthan previous work, E
and they also produced the first accurate measurements ¢ &
. ; " ; @ 60|
the frequency dependence of viscosity near any critical point.
A short description of the viscoelasticity results was pub- fitted data
lished earlief8]. =
The CVX viscometer was a torsion oscillator that was S5 ol
driven at frequencies in the range 1/32<dfz<12 Hz. Both 107 10 10 10+ 10°
the in-phase and the quadrature components of the oscilla  0.01 ] T
tor's response to the driving torque were measured. This per 0Hz |
mitted us to separately deduce the real and the imaginar 0.00 | 2
components of the viscosity, Rg) and Im(»). Both com- 001 L |
ponents are required to fully test thed§]. The real com- = o
ponent is the dissipative part of the response to shear stresg -0.02
that occurs in all fluids but superfluid helium. The imaginary >
component is the elastic part of the response that is ordi-= -0-03 |
narily studied either at much higher frequencies or in com-= '
. . . ) -0.04 |
plicated fluids such as polymer melts. In near-critical fluids, _
Im(75)#0 whenfr=1, wheref is the frequency of the mea- 0.05 E fitted data |
surement and is the fluctuation-decay timjl], | | I (b)
-0.06 bl ol el
3 107 10 10 104 3
— 67 né _ Tot_V(3+Z17)! (1) _ 10
KeTe t=(T-T)T,

wherekg is Boltzmann’s constant. At the very low frequen-

FIG. 2. Xenon’s viscosity at critical density measured at fre-

cies used by CVX, the viscoelastic behavior of xenon wadluencies from 2 to 12 Hz. The solid curves resulted from fitting Eq.

evident whent=10° and it was dominant whet—=10"6.
(See Fig. 2.

The theoretical model used to analyze the CVX data com
bined the scaling functio(z) for near-critical viscoelastic-
ity from Ref. [9], the crossover functioid(£) from Ref.
[10], and the background viscosity, from Appendix C of
Ref.[11] to obtain the prediction

n(€,f)=noexdz,H(I[S(A2)] %/C ). (2)

[In the limits of large ¢ and smallf, H(£)~In(§) and
S(z) =1, leading ton« &%2.] In Eq. (2), the scaled frequency
is defined byz= —if 7, and we introduced the parameger
into the argument of the scaling functid®(z) to obtain

(2) to the data in the range 16<t<10*. (a) The real viscosity
Re(z). Neart=10"5, the data depart from the 0 Hz curve because
of viscoelasticity(b) The ratio Im(z)/Re(z). For clarity, the ratio
data at frequencies above 2 Hz are displaced downward by integer
multiples of 0.005; otherwise they would coincidetzt2x 105,

the valuez,=0.067+0.002 that was recently obtained from
a two-loop perturbation expansidb6]. The CVX result for
Jc agrees with the valugc£,=0.059+0.004 that we deter-
mined from independently published data that do not include
the near-critical viscosityAppendix D.

Figure (2b) shows the ratio Im§)/Re(%). This ratio is
independent of the background viscosity and of the cross-
over functionH (&), which are real common factors; thus, the

agreement with our data. Accurate measurements of the scahtio data are sensitive only I, and to the complex scaling

ing function require accurate measurements;(f,f) in the
region where¢ is large and wheréz| is varied through a
large range fromz|<1 to |z|>1. Measurements prior to
CVX were unable to achieve these conditigti@—15.

The CVX viscosity data at 2 Hz, 3 Hz, 5 Hz, 8 Hz, and 12
Hz were used to determine five parameters of @g. Two
are the “universal” parameters, andA; two are the fluid-
specific wave vectorge andqp that occur in the crossover
function; and one is the value df. on CVX’s temperature
scale. When all of the data within the range %6t
<10 * were fitted for these parameters, we obtai
=0.0690+0.0006, gcé,=0.051+0.007, and qpéy=0.16

function S(Az). Figure 2 demonstrates that the functional
form S(Az) describes both Re() and Im(») in the ranges
10 %<t<10"% and 2 Hzxf<12 Hz, corresponding to
0.0004<Az<33. The prediction that Imf)/Re(y) ap-
proaches approximately 0.035 for large valuez ¢dee Ap-
pendix Q is consistent with these data. However, the value
A=2.0=0.3 resulting from the fit means that viscoelastic
relaxation in xenon is two times slower than predicted by
Bhattacharjee and Ferrell's one-loop calculatiorS¢f) [9].
Their calculation implieA=1 with no uncertainty estimate.
In orbit, the xenon sample did not have time to equilibrate
fully at the smallest values dfbecause of critical slowing

+0.05.(The uncertainties indicated throughout this paper arelown. Thus, CVX’s success depended upon programming

one standard uncertainty and they allow for the correlation
among the parameteysThe CVX result forz, agrees with

¢he temperature as a function of tirtee “temperature time-
line”) to ensure that temperature gradients within the xenon,
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Mission Elapsed Time (days) FIG. 4. Viscometer response as a function of temperature very
nearT.. Both panels show data at three ramp rates. On the lower
panel, the temperature scale is expanded by a factor(af 8bove

T., data collected at the fastest ramp rate-a83 uK s~ ! reflect
ethe 0.3% lower density caused by starting the rampp at 0.2 K.
(b) Above T, data collected while ramping at 0.05uK s *

FIG. 3. The temperature timeline followed by CVX. Both panels
show the same data but with different vertical scales.

which could cause deviations of the local density from th
critical densityp., were negligible. The timeline guaranteed ; . . . ! .
that, in the xenon’s interior where the viscosity was mea_agree with those collected five days earlier while ramping 20 times
sured, the local density remained within 0.13% of the xe-faSter'
non’s average density. The viscometer was not affected by
the larger “piston-effect” density deviations that formed at wardsT.. If the xenon were cooled adiabatically from
the xenon’s boundaries. +100 mK toT, atanyramp rate, its density at the boundary
Key portions of the CVX data were taken as the temperawould increase and its density in the interior would decrease
ture was ramped downward throu@h. As shown in Fig. 3, by only 0.002.. Calculations accounting for the diffusion
the first ramp, at the rate-1 uKs™!, started atT. of heat from the cooling xenon into the thermostat predicted
+50 mK. The second ramp was 20 times slower; it started athat the density change during the slower ramp would be
T.+3 mK and had the rate 0.05 uK s 1. Figure 4 shows approximately half of the adiabatic constraifBee Sec. Il).
that aboveT., the data from these two ramps superimposeOur use of an equilibration procedureTat+ 100 mK can be
within the noise. This is strong evidence that the temperaturgeneralized and used to advantage in designing future micro-
timeline was satisfactory. The xenon attained experimentallgravity experiments near liquid-vapor critical points.
indistinguishable equilibrium states despite the very different As inferred from the viscometry, the xenon equilibrated
temperature sequences preceding the ramps as well as veaster than predicted by thermal diffusion. We believe this
different ramp rates. Before the first ramp, the temperaturevas caused by convection driven by the microgravity on the
sequence included equilibration @t+3 K followed by a  Shuttle and by the electric fields in the CVX cell. These
monotonic reduction of the temperature. Between the twesmall fields could couple to density differences to produce
ramps, the temperature was maintained at 20 mK for 2 buoyant plumes up to several millimeters wide in the xenon
h, long enough for macroscopic phase separation to haveurrounding the viscometer. Details appear in Sec. VA.
occurred, even in microgravity7]. The procedure that The CVX resultA=2.0+0.3 is a challenge to the theory;
caused the two ramps to produce equivalent data was the fullowever, the challenge is comparable to one that Ferrell and
equilibration of the xenon aff.+100 mK prior to each Bhattacharjee met when scaling ultrasonic attenuation and
ramp.(See Fig. 3. This temperature is sufficiently far from dispersion in near-critical liquid mixtures. When they re-
T. that the xenon’s equilibration time was acceptably shortplaced the one-loop acoustic theory with a more sophisti-
This temperature is also sufficiently closeltpthat we could  cated theory17], the ultrasonic frequency scale changed by
take advantage of the adiabatic constraint on the maximura factor of 1.6.
density change that occurred during subsequent cooling to- As discussed in Sec. VC, the CVX data determined the
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product A7o=2.31+0.06 ps with a relative uncertainty of copper body
0.03. The relative uncertainty @fis larger(0.15 because of anti-sloshing
. . . affle

the uncertainty of the correlation length amplitugg that
propagated intarg and then intcA7ry. The uncertainty ofA
could be reduced by a factor of 5 if the uncertainty &f
were reduced, perhaps by additional measurements on Earth.

The present research was preceded by viscosity studies on
Earth of xenon and carbon dioxide near their liquid-vapor
critical points[11] and binary liquid mixtures near their con-
solute points[15]. The latter belong to the same dynamic
universality class as pure fluids but are less influenced by
gravity. We now identify the ways that CVX complements
the previous research.

For tests of theory, i.e., Eq2), a simple pure fluid such
as xenon has three advantages in comparison with binary
liquid mixtures near consolute points. First, the dependences  sapphire window
of the noncritical viscosityyq(p,T) on densityp and tem-
peratureT are weak compared with the dependencies o
10(X, T) on mole fractionx and temperature for binary lig-
uids. For pure fluids, the temperature dependencg 6, T)
is indistinguishable from the well-understood dilute gas be
havior 7,(0,T) [20]. This means thatyy(p,T) has a tem-
perature dependence that is weaker than for binary liquidssarallel to the screen. We chose the oscillator's dimensions
and its use in fits to Eq2) adds no free parameters. Second,so that it could be assembled by hand and so that it would be
the fluid-dependent parametgg that appears in the cross- sensitive to changes of viscosity at low frequency. The os-
over functionH(¢) [10] is known for xenon; it has not been cillator's mass was approximately 1 mg.
determined for any binary liquid.The other parameter in Four electrodes were used to apply torque to the oscilla-
H(¢) is the effective cutoff wave vectary, that is used ina tor. To do so, diagonally opposite pairs of electrodes were
mode-coupling integral over momentum space. It is a freeharged to different voltages while the screen remained
parameter related to the amplitude of the viscosity divergrounded. The resulting torque was a repeated, 32-s-long
gence] Third, current technology allows the conditions of waveform with equally weighted frequency components in
low frequency and shear rate to be met more easily with puréhe range 1/32 Hz f<12.5 Hz. Added to the torque volt-
fluids than with liquid mixtures because the decay timef  ages was a 10 kHz signal that allowed capacitive detection of
Eq. (1) is at least 100 times faster in pure fluids than inthe oscillator's motion. The electrodes were X2 mm
mixtures at the same reduced temperature. rectangles of 0.13-mm-thick brass sheet soldered to 1-mm-

Major divisions of the remainder of this manuscript arediam wires that acted as both mechanical supports and as
titled apparatus, temperature timeline, data reduction, and resectrical leads. The electrodes lay in two planes located ap-
sults. Appendixes deal with tabulated viscosity data, elecproximately 4 mm above and below the plane of the oscilla-
trostriction, frequency-dependent scaling functifz), and  tor. The screen’s yoke and the four electrodes were sup-

indium-coated
copper O-ring

ickel screen
oscillator

f FIG. 5. Cutaway view of the CVX viscometer cell. The cylin-
drical volume occupied by the xenon was 38 mm long and 19 mm
in diameter. Torque was applied to the screen by applying different
voltages to diagonal pairs of electrodes while maintaining the
‘screen at ground potential.

estimation ofqc . ported by feedthroughs in the brass end plate. The complete
assembly was inspected for dust and then placed into the
IIl. APPARATUS sample cell.

The sample cell had a 38 mm outer diameter and an inner,

The flight apparatus consisted of the cell containing thecylindrical space that was 38 mm long and 19 mm in diam-
xenon sample and the oscillator, the surrounding thermostagter. One end of the cell was sealed by a sapphire window
and the electronics, all carried within two flight canisters.that had been coated with tin oxide to eliminate static
Here we provide an overview. Additional details can becharges. The other end was sealed by a brass plate containing
found in Refs[18] and[19]. five electrical feedthroughs connected to the oscillator and
the four electrodes. The two sealing gaskets were made of
indium-coated copper wire. The seals and feedthroughs were
tested for leaks with a mass spectrometer leak detector while

The heart of the CVX viscometer, shown in Fig. 5, was anthe cell was pressurized with helium at 12 MPa. The cell was
oscillator contained in a thick-walled copper sample cell.heated to 100 °C, and pumpedrfé h to remove volatile
The oscillator was an 8 19 mm rectangle of screen that was contaminants; then it was cooled to room temperature and
cut out of a larger piece of nickel screen. The screen conisolated from the vacuum pump. The oscillator’'s quality fac-
sisted of a square grid of 0.03-mm-wide wires formed bytor Q was monitored during the next four days. The time
electrodepositioiBuckbee-Mear§21]) and spaced 0.85 mm dependence d indicated that outgassing was negligible.
apart. When the screen was cut, a wire was left extending The torsion oscillator's resonance frequerfgy quality
from the middle of both of the rectangle’s long edges. Thesdactor Q, and elastic aftereffect were measured in vacuum as
two wires served as torsion springs, and they were solderefdinctions of temperature. These measurements were used
to a stiff yoke that was centered between four electrodefater in a model of the oscillator’'s anelasticity to predict the

A. Oscillator and sample cell
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e average density waép)=(0.9985:0.0017p.. (We cor-
rected for the volume of the fill line; asymmetries caused by
the cell's internal parts were negligibleClose toT., the
vacuum difference p—p. limits the maximum correlation length,

(63 °C) \ which in turn decreases the critical enhancement of viscosity.

1000 F——rrrrr—— e

At the lower bound of the range of the fitted CVX data,
=1x10 5, the corresponding decrease of the viscosity at 0
Hz was calculated to bg(¢£(pc))— 7(£(p))=(0.10"539%
(see Sec. V.B.1 of Refl5)).

We measured . by recording the temperatures at which
10| xenon, the meniscus appeared and disappeared while the cell was
. (11171 ‘jc;g/m"’ immersed in the water bath. The thermometer was a standard

\ platinum resistance thermomet@PRT) immersed near the

100 |-

cell. (Further details are in Ref23].) Three years and one
year before the mission, the respective value§ obn the
ITS-90 temperature scale were 289.7Z31005 K and
289.734-0.003 K, where the uncertainties bound the local
variations in the water bath’s temperature.

The xenon lowered the oscillator@ from near 1000 to
less than 1. This intentional overdamping made the viscom-
eter insensitive to vibrations associated with normal Shuttle

magnitude of transfer function

01 i operations, and it led to other advantages. The overdamped
oscillator was sensitive to viscosity changes in the range

2-12 Hz. This allowed the oscillator to be calibrated by ex-

ploiting a hydrodynamic similarity as described in Sec. IV B.

001 i e el it The data_ at muItipI,e frequencies provided a powerful check
0.001 0.01 o1 ; 10 100 on the viscometer's accuracy, and they helped reveal the

viscoelasticity of xenon nedf.. Finally, the overdamping
frequency (Hz) made the oscillator rugged enough to survive the strong ac-

FIG. 6. The magnitude of the oscillator’s transfer function mea_celeratlons associated with launch and touchdown.

sured in vacuum and in xenon at critical density.
C. Thermostat

frequency and temperature dependence of the oscillator's L .
q y P P Maintaining adequate sample homogeneity n€arre-

,s\lr;r;r:%_ff)nfs:inltlar&(i |tasnlggz1i\gg);'$§i]eat|:?él. fr;q;gnﬁlgz.e quired that temperature differences within the sample be less
besides the torsion mode was detected at frequencies pifian 0.2zK. The CVX thermostat achieved such small tem-
tween 0 Hz and 100 Hz. perature dlffere_nces. It can|sted of three coaxial aluminum
shells surrounding the thick-walled copper sample cell. The
cylindrical shells and their end caps were made from 6-mm-
thick aluminum with a radial gap of 13 mm between shells.
Analysis of viscosity data close td. required accurate The large radial gap and stiff, glass-filled polycarbonate
knowledge of the xenon’s density. To ensure that the locaspacers between shells made the design mechanically robust
density near the oscillator was within a few tenths of oneand insensitive to errors of design and construction. The
percent ofp., we controlled both the average density and the38-mm separation between end caps allowed easy installa-
density gradients. The average density was fixed when thion of the cell and its wiring. The weak coupling between
cell was loaded. shells that resulted from the large, nitrogen-filled gaps in-
After characterization of the oscillator in vacuum, the creased the thermostat’'s response time to more than 1 h.
sample cell was filled with xenon through a copper fill line. However, this was acceptable because the thermostat’s re-
The manufacturefMatheson 21]) stated that the xenon was sponse time was less than the sample’s internal response
99.995% pure. To adjust the loading, the cell was immersetime near the critical point. The thermostat's construction
and held horizontally in a thermostated water bath at a temand operation are described in more detail elsewhere
perature less than 2 mK beloW,. Xenon was added or [18,19,24.
removed to bring the liquid-vapor meniscus to the cell's mid- The performance of the thermostat was verified by using
plane. The fill line was crimped, cut, and sealed by solderinga semiconductor thermopile to measure the longitudinal
Epoxy was poured around the electrical feedthroughs as @mperature difference imposed along a thin-walled steel cell
precaution against leaks. The cell was weighed one year bavhile controlling the thermostat at constant temperature
fore and one year after the mission. The difference betweeand also while ramping it at 10K s~ [24]. We extrapo-
the weighings indicated that less than 0.02% of the sampliated these results to CVX’s thick-walled copper cell, in-
was lost during this period. cluding the calculated effect of the power dissipated by
We measured the height of the meniscus when the samptee thermistor. While ramping at the slowest rate of
was in equilibrium a few millikelvin belowl;. The inferred  —0.05uK s~ 1, the maximum difference of the cell’'s wall

B. Xenon sample
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electronics . :
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[ lock-in

k
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° Sample cell = {solation inductive! | amplifier

o transformer Voltage divider fcame i

I Battery box v ==

;4 FIG. 8. Simplified diagram of the circuit used to drive and de-
tect the oscillator’'s motion.

X g E. Electronics

FIG. 7. Cross section of the experiment canister. 1. Oscillator drive voltages

The viscosity was deduced from the ratiQ./ 0,5, Where
Tosc IS the torque applied to the oscillator amyg is the
fresulting angular deflection. In the limit of large overdamp-
ing, the dependence of this ratio on frequency and viscosity
was approximately

temperature from its average value was only QuKL This
corresponded to a density difference in equilibrium o
0.00%. att=1x10 5, which was acceptable.

D. Flight canisters

The CVX flight instrument consisted of two sealed 0.8- lscocpsz(Rlé), 3
m-tall aluminum “Hitchhiker” canisters connected to one Oosc
another by a power/communications cable. The “experi-
ment” canister, shown in Fig. 7, contained the thermostawhereR is an arbitrary length and
and the more sensitive analog electronics. It also contained
electrical batteries that were used to maintain the thermo- 7
stat's temperature abovE&. during the Shuttle’s descent o=\—
when no power was available. Keeping the sample afdgve ud
during descent prevented the formation of liquid whose
sloshing could have damaged the oscillator. The “avionics”defines the viscous penetration length. Calibration deter-
canister contained power conditioners, an accelerometer, amdined the functiorB(R/d). As described in this and in the
the data acquisition and control electronics. It also containefbllowing subsection,rys. and ... were obtained from the
the four computers dedicated to the tasks of viscometry, tenmeasured input and output voltages, respectively. Then, as
perature control, accelerometry, and communications. described in Sec. 1V, viscosity was obtained by inverting an
The canisters were mounted in the Space Shuttle’s payequation similar to Eq(3).
load bay, where the external heat load varied greatly depend- Figure 8 is a schematic diagram of the circuit elements
ing on whether the open bay was oriented toward deep spactat were used to apply the torque and to measure the deflec-
the Earth, or the Sun. These heat load variations changed thien. The paired 162® resistors and 1000 pF capacitors
experiment canister’s interior temperature, which in turn af-allowed the simultaneous presence at the electrodes of the
fected the gain of the viscometry electronics. To minimizesubaudio frequency voltage used to drive the oscillator and
these temperature changes, the sides of the canister welee 10 kHz voltage used to detect the oscillator’s deflection.
thermally isolated and the mass of the cannister’'s lid waghe 1 M() resistor at the input of the lock-in amplifier
increased to 45 kg. A heater attached to the upper mountingrounded the oscillator at low frequencies. A smaller resistor
plate, just below the underside of the lid, provided additionawould have decreased the signal-to-noise ratio unacceptably,
temperature control. Between mission days 1 and 10, thand a larger resistor would have prevented effective ground-
temperature of the experiment canister surrounding the theing. The interelectrode capacitanc€s ,Cgz,Cc, and Cp
mostat was maintained withil K of 12 °C. shown in Fig. 8 were approximately 0.3 pF. This was much
The electronics and the thermostat were cooled eidy smaller than the cable capacitan€g,,; however, the 10
radiation from the experiment canister’s lid. Thus, too large &Hz signal was still detected with a satisfactory signal-to-
heat load on the experiment canister would have caused rise ratio.
disastrous loss of thermostat control. Covering the canister In normal operation, the torque applied to the oscillator
lid with appropriate radiator tape and limiting the duration of was proportional to a time-dependent voltage created by
the Shuttle’s bay-to-Sun orientations prevented this potentidumming 400 equal-amplitude sine waves at frequencies
problem. evenly spaced fronfi,;=1/32 Hz to 12.5 Hz,

(4)
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400 2. Oscillator displacement detection

Vin(t):Aanl sinf2mnfit+$(n)]. ) The oscillator's time-dependent displacement was de-
tected by the unbalance of a capacitance bridge. See Fig. 8.

(In the analysis described in Sec. IV, data at multiple fre-The bridge was drivenyba 3 V (rms), 10 kHz oscillator. An
quencies were averaged into 1-Hz bjriEhis waveform had inductive voltage divider was adjusted to approximately bal-
a period of 32 s. The phases(n) of the 400 components ance the bridge. The out-of-balance signal was fed to a
were chosen to minimize the waveform’s maximum value oflock-in amplifier which generated a subaudio frequency volt-
[Vin(t)|/A. A digital-to-analog converter with 16-bit voltage ageVou: that was linear in the difference of the capacitances
resolution and 512-Hz time resolution generated the wave-
form. A lowpass filter smoothed the waveform steps that AC(H)=(CatCp)=(CptCc). ©)
occurred every 1/512 s. Occasionally, low-frequency meat;g gifference was approximately proportional to the oscil-
s_urements were made with a similar waveform whose duraptor's displacemenx(t).
tion was 512 s, and whose lowest frequency wags

=1/512 Hz. X(t)
Because the electrostatic torque was proportional to the AC(t)z4CA(X—). (10

square of the drive voltages applied to the electrodes, we 0

used analog circuits to transform the input voltaggt). A The viscometry’s input and output signalé, andV,

bias voltageVpc was added t/,(t), and the square root of were processed in five step§) Antialias filters removed

the sum, frequencies above 128 Htii) The signals were simulta-

B e neously digitized at 512 Hz, in synchrony with the digital-

Vi()=+Vpc{1+[Vin(1)/Vpc]}™ (6)  to-analog converter which creatét(t). (i) The resulting

time records were Fourier transformed, and all but the 400

was obtained. This voltage was applied to one of the diago . : . o
nally connected electrode paisapacitance€, andCp). A [ﬁ\év%s;tgzegjilcgefir\:\gir;nd|scarded, thereby digitally filtering

similar voltage, but of opposite phase,
Voul f
Val(t)= Voo 1= [V 0/ Vo 1} @ Grond )= ~°”t(f)) | (1D
Vin(

was applied to the other electrode p@apacitance€g and
Cc). (The voltagesV, andV, were given opposite signs was computed from the ratio of the Fourier transforms of
because this was observed to reduce the nonlinearity of théin(t) andVo(t). We refer toG..{f) as the viscometer's
torque with respect t&;,.) The total torque applied to the “transfer function” becauseS¢,{f) is a dimensionless ra-
oscillator by the four electrodes was approximately tio describing the frequency response of a linear systeim.
This function was stored as 401 complex numbers. In normal
operation, the 32 s of data collection were followed by 32 s
, ) during which the data were processed, stored, and transmit-
ted to ground. The same 32 s waveform drove the oscillator
whereL ,.~19 mm is the oscillator’s length anq(t) is the ~ during both halves of this 64 s cycle. The accuracy of the
displacement at the oscillator's tip. The length of the gapfivé signal processing steps was verified by constructing a
between the oscillator and one electrode wgs4 mm; due  Passive lowpass filter with a transfer function that resembled
to limitations of the construction technique, a smaller valuegthat of the overdamped oscillator. The voltagg(t) was
would have caused unacceptable differences among the igPplied to the filter instead of the square root circuit. The

2
CAVDCLosc
Xo

Vin(t) N x(t)
Voc X

terelectrode capacitances. filter's transfer function measured by the CVX instrument
The second term of E@8) caused the electrostatic torque @dreed with that measured by a commercial spectrum ana-
to increase linearly with the oscillator's displacemat).  yzer (Hewlett Packard 35660£21]). It also agreed with the

The resulting small negative contribution to the oscillator'stransfer function calculated from the values of the filter's
mechanical spring constant lowered the oscillator's reso€0mponents.

nance frequency,. The correction for this “spring soften-  The inductive voltage divider shown in Fig. 8 was devel-
ing” is described in Sec. IVC. Terms of ord€x(t)/xo]? oped by NIST’s EIec_tr|C|ty Division to fit on a single circuit
and higher were made negligible by the oscillator's smalicard. Such a small size was possible because CVX’s divider

amplitude and by the approximate symmetry of the electrod&€duired only nine bits of resolution, many fewer than the 20
pairs. bits typical of commercial programmable dividers. The

The square-root circuit made the torque on the oscillatofoCk-in amplifier (ithaco model 41Q21)) also fit on a single

very nearly a linear function o¥;.(t). It was necessary be- ¢ard:
cause the rati%/;,/Vpc was as large as 0.2. This ratio could

not be decreased significantly by increasing the bias voltage
above its actual valud/pc=30 V. Such an increase &fpc Electric fields drove the oscillator. Thus, they were essen-
would have risked pulling the oscillator against one of thetial to CVX’s operation; however, they had two secondary
electrode pairs, and it would have added nonlinearity to theffects.

oscillator’s equation of motion. The lowpass filter following  First, the electric fields increased the xenon's local den-
the square-root circuit suppressed noise at 10 kHz. sity via electrostriction. Electrostriction was of greatest con-

3. Electric field effects
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cern in the immediate vicinity of the oscillator because thebedded in the cell's copper wall operated at a power of ap-
oscillator's damping depended approximately upon goroximately 0.6uW. lts temperature was read by an ac
weighted integral of\/zp over a volume within a viscous bridge and lock-in amplifier.
penetration length of the oscillator's surface. Appendix B By choosing each bridge’s reference resistor to have a
demonstrates that electrostriction had a negligible influencgalue near that of its thermistor at, the need for an ad-
on CVX'’s operation because it increased the average densifystable component, such as a ratio transformer, was elimi-
near the oscillator by less thatp/p.=0.001, the uncer- nated. Temperature was inferred from the bridge’s unbalance
tainty in the sample’s average density. instead of from the adjustment required to balance the
The second effect of the electric fields was electric-field-bridge. Far fromT., the gain of the lock-in amplifier was
driven (dielectrophoretit convection, which caused the par- decreased to accommodate the bridge’s large unbalance.
cels of the xenon that were more polarizatiecause they Within 50 mK of T, the rms scatter in the cell’'s apparent
were cooler and denseto move toward regions of high temperature was approximately 1K over a few hours.
electric field. Dielectrophoretic convection is analogous to The cell’'s thermistor was calibrated against the inner
the buoyancy-driven convection on Earth that transportshell’s thermistor to simplify the cell’'s temperature control.
cooler, denser regions that form near the top of a cell to th&he inner shell’'s thermistor calibration consisted of a fit of
bottom of the same cell. In microgravity, such regionsthe Steinhart-Hart equatiorf26] to the resistances at
formed near the cell’'s boundary when the cell was cooledp °C, 25 °C, and 50 °C. The manufacturer stated that these
and they formed in the cell's interior when the cell wasthree calibration points had an uncertainty of 0.05 K. Thus,
warmed. Spinodal decomposition also caused their formatiothe uncertainty of the reduced temperattireas approxi-
when the sample’s temperature was brought belgw The  mately 0.002, and temperature scale nonlinearity contrib-
characteristic pressufehemical potential per unit mgsthat  uted negligible error to the derived value of the viscosity
drove dielectrophoretic convection in the gap between thexponent. To independently test the calibration’s accuracy,
oscillator and the electrodes was estimated Bs  we compared the valug& =289.721 K determined during
~0.13 mPa, four times greater than the hydrostatic pressuitte mission with the thermistdiSec. V B 2 with the value
difference across the cell caused by Shuttle’s typical microT.=289.734+0.003 K obtained one year earlier with the

gravity (1x10 ° m s ?). (See Appendix B. SPRT(Sec. Il B. To within 10 mK, the two values are con-
sistent both with each other and with the value 289.74
4. Oscillator amplitude effects +0.02 reported elsewhere for xen¢@7]. The thermom-

Visual observations on the ground determined that th&try's stability was verified by comparing the temperature of
oscillator's maximum displacement was 0.03 mm at the tipthe cell Teey with that of the inner shell,. The difference
of the screen. The resulting produgt of shear ratey and ~ 'eel” Tin measured during the mission drifted less than 0.1
fluctuation-decay timer was sufficiently low that CVX did mK per day, anq it differed from the difference measured
not encounter near-critical shear thinnii&p]. The oscillator hine months earlier by only 0.5 mK.
dissipated approximately 7 pW in the xenon. The resulting

rate of density change near the oscillajprwas approxi- lIl. TEMPERATURE TIMELINE

mately proportional to the local power per unit volur@é The density of a pure fluid near its critical point is ex-
and inversely proportional to xenon’s heat capacity at conyemely sensitive to temperature gradients. For example, at
stant pressurep . The estimate pc andT.+1 mK, the isobaric thermal expansivity of xenon

(3plaT) is more than'a million times Iarger than thgt of an idgal'gas;
p= wptale, ' (12)  thuseven atiny temperature gradient can induce a significant
pPcCp density gradient. In the absence of gravity, this effect limits
, , i _the fluid’s homogeneity.
mtegrated over the duration of the experiment, was negli- o, Earth, density gradients induced by temperature gra-
gible. _ , _ dients are usually negligible in comparison to the much
_ Increasing the oscillator's amplitude by a factorlof 2 dur'larger gradient induced by gravity. Furthermore, such gradi-
ing ground tests demonstrated that the viscometer's respong@s are short-lived because small values of thermal diffusiv-
was independent of amplitude. ity are attained only in the small layer at the height where
p=p.. In contrast, density gradients induced in microgravity
are long-lived because the sample’s near-homogeneity al-
Each thermostat shell had an embedded thermistor whosews very small values of thermal diffusivity throughout the
temperature was measured once every eight seconds withsample. AtT.+1 mK, the slowest time constant calculated
resistance bridge. The shell's temperature was controlled bfpr thermal diffusion in the CVX sample in the absence of
a proportional-integral-derivative algorithm. The middle convection was about one wegk3].
shell’'s temperature was set 0.03 K below that of the inner CVX'’s conservative design did not rely on convection to
shell, and the outer shell was set 0.3 K below that of theensure that the density would be sufficiently uniform. In-
middle shell. stead, temperature gradients were minimized by careful de-
The requirement that temperature differences within thesign of the sample cell, the surrounding thermostat, and the
sample be less than 02K prevented use of a heater on the sequence of temperature changes, or ‘“temperature time-
cell. Instead, the cell’'s temperature was controlled by conline.” To keep the density near the oscillator acceptably
trolling that of the surrounding inner shell. A thermistor em- close to the critical density., the temperature timeline

5. Temperature measurement and control
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0.005 The numerical example calculated the density chahgg)

in the sample’s interior during and after a 2000 s ramp of the

boundary temperature from,+ 0.8 Kto T.+ 1.0 K. During

"R, the ramp,Ap(t) increased until it reached its maximum
0.95 value at 2000 s. After the ramp,p(t) decreased, with the

0.000 |- 06 decay becoming exponential after 8000 s.

0.3 The first analytic calculation was of thermal diffusion in

[ 1 +3m?( an infinitely long cylinder, and it yielded the decay time

- m&c* 10mK "¢ constant for the cylinder’s slowest radial mode. The analytic

} T, +100 mK result of 5200 s agreed with the numerically calculated decay

To+100mK [ | | time constant.

4 5 6 7 8 The second analytic calculation was the adiabatic upper
bound to the density change which occurs in the sample’s
interior following a sudden change of the cell wall's tem-

FIG. 9. The normalized density deviations calculated for a temperature from T, to T,. The analytic bound ofAp
perature timeline similar to that used by CVX. The arrows identify =(0.0022. agreed with the maximum numerical value of
the boundary temperature at selected times. The sample is containgq)(t)_ (Thermal diffusion during the 2000 s ramp caused the
within an infinitely long cylinder with isotherma_l walls at_ radius maximum numerical value to be lower than the analytic
R.ei=9.5 mm. Each curve represents the density at raditghe bound by approximately 10%.

density at the oscillator’s location corresponds to the curve labeled The general expression for the adiabatic upper bound is
“0,” which represents the density on the cell’'s axis.

(P-<p>)/pc

-0.005

time (days)

shown in Fig. 3 used a two-part stratel@8]. Far fromT,,

the temperature was changed by large, rapid steps, causing ﬁs sz(a_p) ~ (pc/Pe) szchT,
large, temporary inhomogeneities in the sample. Each step pc  J1, 19T/ g (Te/Pe)(9PIIT), J1,
was followed by a waiting period which exceeded the xe- (13

non’s equilibration time constant and during which the den-
sity inhomogeneities decayed. CloseTig, the xenon'’s tem-
perature was changed without waiting for equilibrium; where cy is the constant-volume heat capacity. At times
however, the density remained sufficiently closetdo ob-  shortly after the wall’s temperature change, this bound ap-
tain meaningful measurements of viscosity. This conclusiorplies to all of the sample except for the thin layer associated
is supported by both calculatiorthis section and observa- with the piston effect near the wall. At later times and for
tions (Sec. VA. locations in the sample’s interior, the bound is still appli-
Candidate timelines were tested with a numerical modetable because thermal diffusion causes the magnitude of the
of entropy transport within the sample. The model containednitial density deviation to decrease monotonically. Here, the
two simplifications which allowed efficient testing. First, the interior is defined as the radius where the local temperature
xenon sample was modeled as an infinitely long cylinderequals the sample’s average temperature. If the CVX cell is
whose density depended only on the radial coordimate modeled as a cylinder, this radius easily enclosed the oscil-
this approximation, the model was one-dimensional, and hedator because it lies at about two thirds of the cylinder’s
conduction through the cell’s internal parts was ignored. Secradius.
ond, xenon’s properties were estimated by an approximation Equation(13) shows that changing the temperature from
to the cubic model equation of statdhe model is summa- T.+0.1 K to T, induced changes of density in the sample’s
rized in Ref.[2].) In this approximation, terms of orde# interior that were less than 0.2%. Because this constraint is
and higher were dropped to remove the need for iterativéndependent of the rate of temperature change, the maximum
calculations. The state paramet@¢rwas always much less temperature ramp nedr, was limited by other consider-
than 1. Figure 9 shows the density deviations calculated for ations. The ramp rate had to be slow enough that the viscos-
timeline similar to that used by CVX. The timeline specified ity would not change significantly during the time required to
the temperature changes at the cell's outer radiug at measure it.
=Rg- The resulting temperature differences within the The timeline used by CVXFig. 3) included the following
sample were then converted into local-density differences deatures.
r <Rgey. Below T.+100 mK, the density deviation in the (i) Each temperature step was followed by a waiting pe-
cell’s interior atr =0 was less than 0.13%. Heat conductionriod at constant temperature to observe the sample’s ap-
through the copper wires that supported the electrodes rgroach to equilibrium.

duced this to less than 0.06%. (i) The viscometer’s calibration data were taken during
Our confidence in the model’s physics came from a recenthe waiting period af .+ 1 K.
microgravity experimenit4], in which Wilkinsonet al. dem- (iii) An initial “fast” temperature ramp passed through

onstrated agreement between the measured and calculatEdat the rate—1 uK s~ ! and locatedT on the cell’'s ther-

values of thermal equilibration time constants in a sample ofnometer to within 0.1 mK.

SK; near the critical point. (iv) A later series of ‘“slow” temperature ramps,
Our confidence in the coding was supported by comparinghe slowest of which passed through, at the rate

a simple numerical example with two analytic calculations.—0.05 xK s~ and collected most of the data né&y.
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FIG. 11. Oscillations and spikes in the magnitude data at 1 Hz.
The oscillation’s 45-min period was half that of the Shuttle’s orbital
-1+ period. The minima of the oscillations occurred when the Shuttle
crossed the Earth’s equator. The three spikes indicated by arrows
occurred when the Shuttle was near the South Atlantic Anomaly.

phase (radians)

ol The oscillations’ amplitude perturbed the apparent viscos-
ity by as much as 0.4%. The oscillations’ period was half of
[ | | | ) the Shuttle’s. orbital period, which suggests that they were
o 5 4 5 5 10 12 not driven dlrectl_y elt_her by the Shuttle’'s exposure to the
Sun or by the direction of the Earth’s magnetic field. In

ground tests, exposure of CVX to magnetic field variations

FIG. 10. The oscillator’s transfer functid®e.{f) measured at comparable to those in orbit did not influen@g,c.{f). The
T+1K. oscillation minima occurred when the Space Shuttle was at

high geomagnetic latitudes, which is consistent with the
IV. DATA REDUCTION known distribution of the. relativistic nucleon galactic cosmic
ray flux that penetrates into low Earth orb&0].

During the mission, most data were downlinked in nearly =~ The spikes occurred when the Shuttle was near the South
real time for preliminary analysis, thereby allowing adjust- Atlantic Anomaly, a region of minimum magnetic field near
ments to the timeline. After the mission, all of the experi- Argentina. At this location, spacecraft in low Earth orbit ex-
mental data were retrieved from CVX's hard disk. Theyperience a large increase in the flux of low-energy proton and
comprised approximately f0measurements of the transfer electron particles trapped in the Earth’s magnetospf&tke
function Gea{ f), plus accompanying temperature measureThus, the timing of both the oscillations and the spikes, and
ments. Figure 10 shows typical measurements of the magniheir absence in ground tests of CVX, are consistent with the
tude and phase @,,..,{ ). As described later in this section, hypothesis that they were caused by ionization energy loss of
we culled and averaged the data, then used a portion of theharged particles in the xenon.
data fromT.+1 K to calibrate the viscometer. Viscosity = The oscillations and the spikes were present only in the
data were then derived from the averagggd..{f) by com-  magnitude data. We excluded measurements gf,{f) ob-
bining the calibration with the model for the oscillator’s tained at the times of the spikes, and we suppressed the os-
equation of motion. cillations by averaging the remaining measurements in

After the mission, data farther above were collected. groups of 45 min. Each group was thus the average of up to
For these ground measurements, we calibrated the viscom2 measurements. We did not weight the avera@ggd.{f)
eter atT.+5 K instead of afT.+1 K because of concerns by the number of measurements in each group. Instead, we
about internal waves at low frequencies in the gravitationallysimply excluded groups containing fewer than 30 measure-
stratified xenon nedr [29]. Appendix A lists viscosity val- ments. The cell’s temperature was averaged in a correspond-
ues derived from the microgravity and ground measureing manner.
ments. Figure 12 shows that the orbital environment also greatly
increased the noise at frequencies below 0.1 Hz. In contrast
to the oscillations and the spikes, this very low-frequency
noise was present in both the phase and the magnitude, sug-

The orbital environment influenced CVX in unexpectedgesting that either the sample, the oscillator, or both were
ways. Figure 11 show$G,,..{1 Hz)| measured during a directly affected. This in-orbit noise prevented our use of the
24-h period. The data include oscillations with a 45-min pe-ow-frequency measurements for deriving the transducer fac-
riod and three “spikes” which lasted approximately 5 min tor k;/k, (see Sec. IV E
each. Such oscillations and spikes occurred throughout the In addition to data adversely affected by the orbital envi-
mission, and they affected the magnitude of the transferonment, we excluded data taken while the sample’s density
function at all frequencies. distribution was far from equilibrium. Such data were taken

frequency (Hz)

A. Culling and averaging of the data
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FIG. 12. Examples of the transfer function’s magnitude mea- 30 -
sured at very low frequencies, where noise was much greater in =
orbit than on Earth. 3
D
S
below T, and during and following large steps of tempera- 5 20
ture. S
©
L ) ) ) ms’"’ — calculated
B. Hydrodynamic similarity and the viscometer’s calibration N *  measured
The viscometer’'s calibration exploited a hydrodynamic 10 | | | |

similarity which applies to the hydrodynamics of an im- 0.0 0.1 0.2 0.3 0.4
mersed oscillatof32]. This analysis assumed that the fluid
was homogeneous and that the oscillator moved as a rigid
body. The similarity can be introduced by considering the FIG. 13. The calibration functioB(R/8). The smooth curves
response function of a damped harmonic torsional oscillatorindicate B(R/8) calculated from the hydrodynamic theory of a
The oscillator's response to a steady sinusoidal force at fretransversely oscillating circular cylinder of radiRs=13.4 um. (a)
quencyf is given by Magnitude scaled to reveal departures from the dominBh&)¢
behavior.(b) Phase.

R/&

1 f\2 0 f\]t
G(f)y=c|1-| | +=|+]|| . (14
k fo Qlfo Eq. (18) below. This procedure calibrated the viscometer for
changes in the viscosity with respect to the reference viscos-

2
+i

f
fo

f

T o

1
(=1

wherek,Q, andf, are the oscillator's spring constant, qual- ity - \we emphasize that this calibration did not require
ity factor, and undamped resonance frequency, respectivelynowledge of the geometry of either the oscillator or the
and G(f) is the ratio of the angular displacement of the g;;rounding electrodes, and it was indifferent to the choices
ogqlllator to the external torque applied to 'the oscn!ator.'Byof the parameter® and p.. The accuracy of this technique
giving Q a frequency dependence appropriate for linearizeqyas demonstrated in RdB2]. There, the viscosity of carbon
hydrodynamics, this expression can describe the response gioxide was measured using a viscometer much like the
an immersed oscillator over a wide range of frequencies. Fofy/x viscometer, and the results agreed with accurate pub-
small amplitude oscillations, the response is lished data acquired by conventional means.
) . The CVX viscometer’s calibration was derived during the
(ﬁ B(Rlé)} (15) mission from an average of four 45-min measurements of
Ps ' Gmead f) obtained from 0 to 12.5 Hz at the average tempera-
ture T¢y=T.+1.000 K. At this temperature, we equated the
whereR andp are a characteristic length and density of theviscosity 7., with that determined by the higQ- torsion
oscillator, respectively. The functioB(R/8) characterizes oscillator, which had an uncertainty of 0.8%\Ve multiplied
the oscillator’'s damping in terms of the viscous penetratiorthe value obtained by fitting to Table IX of Réfl1] by the
length, defined by Eq3). At the nominal frequency of 5 Hz, ratio 1116/1110 to obtaim.,=53.0 uPas. The multiplica-
6=60 um. Thusé is larger than the nominal diameter of a tion corrected for the lower value qf. used to calculate
screen wire (R=28 um), but much less than the distance Table IX) After applying the corrections described below,
between wires (8474m). useful values oB(R/ ) were derived from the transfer func-
The viscosity entersG(f) only through the function tion at frequencies from 0.3 to 12.5 Hz, corresponding to a
B(R/8). Most oscillating-body viscometers are sensitive torange of § much broader than that encountered upon ap-
viscosity changes only in a narrow range of frequencies negsroachingT, at fixed frequency. These values defined the
fo, andB(R/8) must be calculated from the hydrodynamic calibration functionB,(R/8), whose magnitude and phase
theory for an idealized geometry. In contrast, we determinedve represented by polynomial functions of RA§) in the
B(R/8) by measuringG(f) when the xenon was in a refer- range 0.05:R/§<0.4.
ence state of knowm andp far from T, and then inverting Figure 13 shows the measured valueB¢R/5) and an
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approximation toB(R/6) derived from an analytical model 0.302
of the oscillator. This model is Stokes’ solution for the vis-
cous force exerted on a transversely oscillating cylinder. We

o measured
modeled

used the modern formulatid33], £ 0300
0
: 4K 4(2) et
= o
whereK,(2) is the modified Bessel function of ordey and % o
z=(1+i)(R/6). The small differences betweeBy,(R/?) g 0.296

andB(R/6) demonstrated that the oscillator's hydrodynam-

ics resembled that of a single isolated cylinder. The influence :

of adjacent wires was small becauswas always much less 0.294 i ; é "1 ; é ; ; ; 1'0 1'1 "
than the distance between the screen’s wires. Davis used hit

analytic calculation of an oscillating grid of flat wires to Mission Elapsed Time (days)

arrive at a similar conclusiof84]. We made no further use

of either analytic model. FIG. 14. The time dependence of the oscillator paramigter

The solid curve is a fit to the transfer function’s magnitude at 0.5
Hz, assuming thak, was a linear function of the cell's temperature,

C. Corrections to the ideal transfer function the experiment canister's temperature, and time.
Figure 10 shows an example of the measured transfer _ )
function G,ea{ f), which is defined by Eq(11). Our model With these corrections, the modeled transfer function be-

of Geadf) included several effects which caus€g,.,{f)  €OMesS
to differ from the respons&(f) given by Eq.(15).

The largest effect was due to the driving and detection Gead f)=Geed )
electronics shown in Fig. 8, which acted like a lowpass filter
with a transfer functiorGg... The transfer function of the
electronicsGgec Was obtained by disconnecting the driving —
and detection stages from the cell and measuring their trans-
fer functions independently. At the maximum frequency of herek.. i | tant ai by th duct
12.5 Hz, Gg shifted the phase 06,,..{f) by approxi- WhEreky 1S a real constant given by the produc
mately 12°. _ , , oscillator torqu output voltage 1

The oscillator’s torsion spring was not ideal because slow ktr:( . 7 . . ;( )
relaxation processes within the nickel itself caused internal input voltage /| oscillator displacement Geie
friction and creep. At the low amplitudes used in our mea- (19
surements, these phenomena could be described as linear
elastic effect§22]. We corrected for anelasticity by general-
izing the spring constank to a complex function of
frequency

1+ y(f)+ig(f)

K
Ko
f
fo

2 f 2 p -1
+i(f—) (—) B(R/5)} , (18
0 Ps

e product of the three transducer factégsin Eq. (19)
related the measured voltages,(f) andV,,(f) to the os-
cillator’s torque and displacement.
Determination of the rati&;, /k, does not require accurate
k=ko[ 1+ ¢(f)+ip(f)], (17 knowledge ok, or of the transducer factors. For example, in
ground tests we obtained#t;/k, from measurements of
wherek, is the real part of the spring constant at the reso-G,ea{f) made near 0.01 Hz, where viscous damping was
nance frequency. The real functiongf) and ¢(f) were insignificant. To a good approximation, the derived value
measured in vacuum from 0.001 to 10 Hz at several tempera-
tures[22]. Ky _|Gmea§0.01 H2)|
Measurements in vacuum of the oscillator's resonance ko 1—(0.01 H2
frequencyfy as a function of temperature and bias voltage
Ve Were used to obtain corrections if due to temperature required knowledge of only the real part of the anelastic
and to filling the cell the cell with xenon. Filling the cell with correction. In orbit, we were unable to measkggk, in a
xenon increased the capacitar@@g in Eq. (8). The resulting  similar fashion because the signal-to-noise ratio of
increase of electrostatic spring softening lowefgthy 0.4%. Gnead0.01 Hz) decreased by a factor of 10 or more. Instead,
[The functionB(R/5) accounted for the xenon’s effect on we setky/kq to the value that made Rgf independent of
the oscillator’'s hydrodynamic mags. frequency forf>1 Hz in the temperature rangex30 °
We did not correct e,{f) to account for a second mode <t<5x10 2 where viscoelastic effects were absent. This
of the oscillator at higher frequency. A mode near 54 Hz,independence confirmed the assumption thak, was in-
near the calculated bending frequency, was seen in vacuungependent of frequency. The in-orbit and ground values of
measurements of a similar oscillator. However, no suclk/ky agreed within 0.3%.
mode was seen below 100 Hz with the CVX oscillator. Per- The parametek,/kqo had linear dependences on the ex-
haps the bending mode was shifted to higher frequencies hyeriment canister’'s temperature, the cell’s temperature, and
stiffening caused by a slight intentional crease of the nicketime. The effects of these dependences can be seen in Fig.
screen. 14, which is a plot 0f Gea{0.5 Hz)|. At 0.5 HZ, |G cad is

(20



PRE 60 FREQUENCY-DEPENDENT VISCOSITY OF XENON NHA. .. 4091

nearly independent of the sample’s viscosity; thus, only un- 1. Complex viscosity
intentional dependences are present. The dependence on thetpa aphove analysis generalizes to a fluid of complex vis-

experiment canister's temperature probably originated in thegjty hecause Eq15) was derived from hydrodynamics in

electronics; its coefficient was determined in ground testSye jimit where the Navier Stokes equation is linear in veloc-
The dependence on the cell's temperature was assumed j{g  complex viscosity 7 causes the viscous penetration
result from the temperature dependence of the elastic COrI‘éngth 6 to be complex; the generalization requires that the

stant 9f the torsion fiber and the, thermal expansion of th%haracterization 0B(R/ ) for real arguments be extended to
capacitors. The torsion constant’s temperature dependent&

was inferred from measurementsdaf,/dT, and changes in
the capacitance were determined by fittii@},c,{0.5 Hz)|

to a linear function of the cell’'s temperature. The coefficient
of the linear time dependence was determined by fitting tq,
|Gmea 0.5 Hz). The origin of this time dependence was un-,
known. However, a similar time dependence occurred i
|Gmead0 Hz)|, which was linear in the oscillator's average

Bmplex arguments. In principle, this extension could have
been made by measuring(R/5) on a fluid with known,

nonzero values of imaginary viscosity. In practice, such a
calibration is impossible because only near-critical fluids are
iscoelastic at the low viscosities and low frequencies used
ere. Instead of calibrating, we substituted a complex argu-

"mentR/§ into the polynomials which characteriz&{R/ 5)

for real viscosities. This substitution is the analytic continu-

displacement; both time dependences may have resultegi,, ot g(R/s) from the real line into the complex plane.

from creep in the oscillator’s equilibrium position.

D. Averaging with respect to frequency

Each 400-point transfer function was averaged into 1-Hz-

The extrapolation was relatively small because the ratio
[Im(7)/Re(n)|<0.04.

2. Consistency of the data and correction &h ()

wide frequency bins. For example, the value at 5 Hz was an We checked the data reduction procedures by systemati-
average of the 33 points from 4.5 to 5.5 Hz. The simplestally varying various parameters from their nominal values.

such average would have been
n+An

i z Gmeaéfi)
=n—An

<Gmea£f)>OE(ZAn—+1)r (21)

We changed the density by 1% fromp. We changed the
calibration viscosity by 3%. We changed the oscillator's
vacuum resonance frequency by 3% frég We perturbed
the transfer functiorGge. Used to describe the electronics.
None of these variations caused significant changes in the
data’s consistency.

We used data outside the viscoelastic regidn-3

wheren=160 is the number of the point corresponding to 5x 10™°) to check the calibration procedure in three ways.

Hz andAn=16. This(zeroth momentaverage would have
been inaccurate due to the nonlinear dependen&g,f{f)

First, the values of Ref) were examined at 2 Hz, 3 Hz, 5
Hz, 8 Hz, and 12 Hz for frequency dependence. None was

on f. Instead, we used a local parabolic fit to the data tdfound. Second, the values of Rg(were compared with our

define the average

9(Gmea f))o—5 Gmea f
(6 o) = XG5 G D)z

(22

where the curvature 06,,..{f) was accounted for by the
weighted(second momentaverage

n+An
>
A

(Grmeak))2=——

(fi_fn)ZGmee&fi)
n+An

> (fi—f)?
An

(23

E. Derivation of viscosity from the transfer function

Derivation of the viscosity fronG,.,{f) required three
steps.(i) Equation(18) was solved foB(R/5) at frequency
f. (ii) The complex value ob was obtained from the com-
plex value ofB(R/ ) by iteratively comparind3(R/ ) with
Bea(R/ Ses). Here B.o(R/ Ses) is the calibration function
evaluated with an estimated penetration lengtk. Using
Newton’s method, the value ob. was adjusted until
Bea(R/ Ses) =B(R/8). (iii) The viscosity was calculated
from 7= mpf 82

previous datd11] taken on Earth with a higky, 0.7-mm-
high oscillating-cylinder viscometer. They agreed throughout
the range X 10 4<t<5x 10 2, where the data sets overlap
and where the higld data were not greatly affected by
stratification.(The CVX data have a scatter of approximately
0.1%, and the higl®d data have a scatter of approximately
0.2%) Third, the values of Imf) were examined for depar-
tures from zero. The examination revealed departures that
were a weak function of IA{—Tg,), whereT ,=T.+1 K is

the temperature at which the calibration functiBgR/5)
was determined. The nonzero values of #ji(outside the
viscoelastic region imply that the oscillator was influenced
by an additional force inconsistent with the hydrodynamic
similarity used to calibrate the viscometer.

Although the departures from zero of Im) outside the
viscoelastic region were less than 0.002 Re(they were
large enough to influence significantly the fitted valueAof
Therefore, we corrected the data for g)(as follows. At
each frequency, we fit a function proportional toTr(T,,)
to the values of Img) well outside the viscoelastic region
[6X10 °<t<(To—To)/Te]. [If we had assumed instead
that the correction to Im{) was proportional to T—Ty)
raised to a small power such ag, our results would have
been unchangef After subtracting this function from the
data, the values of Im{) were zero within their scatter. We
then extrapolated this function frob+=5x 10 ° towardsT,
to correct the values of Imf) inside the viscoelastic region.
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-0.78 = 300 mK —0.05 uK s™1, collected most of the data nedg. The me-

dium ramp, at-1 uK s~!, was intended only to locafk, to
ﬁ 100 mK within 1 mK. Nevertheless, it gave results aboVg that
J" " were indistinguishable from those of the slowest ramp. Fur-

-0.80

thermore, after culling data points as described earlier, the
data at higher temperatures also were independent of the
830 mK sample’s temperature history.

ﬁ In Fig. 4, data from the fastest ramp at33 uK s ! are
displaced above and to the left of the equilibrium data. Be-
cause this ramp started 8+ 0.2 K, Eqg.(13) indicates that
the density of the xenon near the oscillator could have de-
creased by as much as 0.3%. This decrease is consistent with
the data’s vertical displacemeniAlso, the thermometer’s

3mK lag of several seconds caused a horizontal displacement of
0.1 mK) Note also the ramp-rate dependence of the phase at

-0.82

-0.84

-0.86

phase at 2 Hz

0.88 I 2 Hz below T,. This time dependence is consistent with
0.5 mK phase separation.
-0.90 |-
2. Equilibration

When the cell’'s temperature was held constant, the vis-

-0.92 b—rrdl— "1 : ('5 ; ; sla o cosity rapidly approached a steady value, typically within 1

o2 3. A 5 . h. (See Fig. 15. Even after accounting for heat conduction
Mission Elapsed Time (days) through the cell’s metal electrodes, this approach was faster

fthan expected from the xenon’s thermal diffusivity. At 300

FIG. 15. The transfer function’s phase at 2 Hz as a function o )
time. The boxes enclose measurements taken at the indicated tef/<; 100 MK, 30 mK, and 3 mK abové., the sample’s

peratures, and their height corresponds to 0.2% of the density. THeAlculated time constants for thermal relaxation were 1 h, 2
reproducibility of the oscillator’s phase at 300 mK, 100 mK, 30 h, 6 h, and 30 h, respectively. _
mK, and 3 mK abovd . demonstrates that density deviations could ~ 1hree phenomena contributed to the rapid approaches to
be reduced to within 0.1% of the average density at these temper&quilibrium. First, convection driven by residual accelera-
tures. Filled points were obtained beldly. The points denoted tions (microgravity) and by electric fields slowly stirred the
“A” and “B” were obtained shortly after warming the sample xenon. The stirring was effective because the open geometry
from belowT,. As discussed in the text, the equilibration of Bet around the oscillator reduced viscous damping of the con-
was much slower than that of sat vective flow. For example, if a density deviationp
=0.01p. had occurred in a region of characteristic slze
We checked the validity of this extrapolation by fitting the =4 mm, an acceleration,i,o=10 ° of Earth’s gravity
parameterA separately to the values of RgY, which were  would have turned over that portion of the sample in a time
not corrected, and to the corrected values of 4in(The two  of order 5/(9microlAp)=3 min. Second, the oscillator was
values ofA agreed within 4%. thermally isolated from the cell wall, and it had negligible
heat capacity. Thus, following a temperature step atique
the density of the xenon immediately next to the oscillator
changed by the same amount as that of the surrounding xe-
A. Sample homogeneity non and not by the much larger deviation that occurred near
the cell’'s boundaries. For example, the initial density devia-
tion in the cell's interior following the steps fronT,
Density inhomogeneities that were induced by tempera=-300 mK toT.+100 mK was calculated by E@13) to be
ture changes caused no apparent problems. Figure 15 supnly 0.3%. Third, the oscillator was insensitive to deviations
ports this claim by showing the oscillator's phase measure®f the density fronp, if the deviations averaged to zero over
at 2 Hz during a ten-day periofMWe used the phase at 2 Hz the oscillator's surface. This insensitivity occurred because
because these data had a high signal-to-noise ratio and, uiie oscillator's response was approximately proportional to
like the magnitude data, they were unaffected by oscillationshe surface-averaged value gfyp and, aboveT,+1 mK
and spikegSec. IV A) or drift of k, /ky (Sec. IVQ.] In Fig.  and for small deviations fromp., the viscosity is propor-
15, measurements made at 300 mK, 100 mK, 30 mK, and 8onal to the density.
mK aboveT, are highlighted by boxes. At each temperature, To demonstrate the viscometer’s sensitivity to density in-
measurements were repeated as much as seven days later Andhogeneities, we deliberately created an inhomogeneous
with very different temperature histories. The phase measample by cooling the cell td.—9 mK and then warming it
surements agreed to within 1 mrad. This corresponds to ato T.+ 0.5 mK. We then observed the apparent viscosity for
agreement in density of 0.1%. 4 h. This set of observations is labele8™ and enclosed by
Figure 4 shows that the sample’s density could be kepan oval in Fig. 15. It can be compared to the set labelad
nearp, even within 0.1 mK ofT.. Data collected during that was cooled tol.—0.5 mK and then warmed td,.
three ramps througii. are shown. The slowest ramp, at +3 mK. Because xenon’s calculated thermal diffusivity at

V. RESULTS

1. History independence
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T.+0.5 mK is three times smaller than &+ 3 mK [28], charjeeet al.[10] for viscosity because it is simpler and has
one might expect the approach to equilibrium of Beb be  the same asymptotic behavior as the newer function. The
three times slower than the approach of Aetinstead, the older crossover function makes approximations not used in
approach of seB was slower by much more than a factor of the newer function. The chief approximation is neglect of the
3; the apparent viscosity differed from the equilibrium vis- divergence in the constant-volume heat capacijty38]. Be-
cosity by 5% at the end of the 4-h observation. cause we fitted to data only at reduced temperatures less than
One contribution to seB’s slower equilibration was the 10~2, where the heat capacity ratim, /cp<0.002, this ap-
limited thermal conductance of the copper wire that con-proximation introduced negligible errors.
nected each electrode to the cell wall. Below approximately The following subsections describe the results for
Tc+1 mK, the conductance of the copper wire was ex-T.,z, ,A,q., andqp obtained by fitting the model to the
ceeded by that of the xenon between the electrode and thgscosity data. The fit included the values of R@(and
cell wall, and the length. iyerma that governed the sample’s |m( ) measured at 2 Hz, 3 Hz, 5 Hz, 8 Hz, and 12 Hz within
thermal diffusion was the cell's 19 mm diameter. In contrastthe range 108<t<10~%. Expanding the range of fitted data
Lthermai fOr setA was the 8 mm gap between the electrodes.to 10-°<t< 102 caused negligible changes in the fitted pa-
Another possible contribution to sBts slower equilibra-  rameters, while slightly increasing the fit's systematic devia-

tion was the size of its inhomogeneities. They were formedjons: The value of reduceg? increased from 0.97 to 1.05.
at T.—9 mK, where surface-tension-driven flows ensured

that the liquid and vapor regions quickly grew as large as the
sample’s dimensions. In contrast, $&% inhomogeneities
were formed betweefi; and T.,—0.5 mK during a 2-h pe- The fit of Eq.(2) ignored the data within 0.3 mK of
riod; this is sufficiently brief that the liquid and vapor re- and yieldedT .= (16.571 237 0.000 008) °C, where the un-
gions may not have had enough time to grow as large as theertainty is equivalent toé=3x 108, (Recall that, despite

8 mm interelectrode g&Y]. In that casel ermawas limited  this precision, our thermometer’s uncertainty with respect to
to the size of set A’'s inhomogeneities, thereby speeding theTS90 was 50 mK). The standard uncertainties quoted here

2. Viscosity cusps near J

decay of the inhomogeneities by thermal diffusion. and below represent a coverage factor ¢6&% confidence
interval), and they allow for the correlations among the pa-
B. Fits to the data rameters. The phase and magnitude data exhibited cusps

close to the fitted value of.. The minimum in the phase at
1. Model of the data 2 Hz shown in Fig. 4 is an example of such a cusp. As
Our model of the frequency-dependent data was(Ey. illustrated in Fig. 16, the phase at frequencies higher than 2
The frequency scaling functid®(z), including corrections to  Hz exhibited a sharp local maximum. Table | lists the tem-
two typographic errors in Ref9], is given in Appendix C. peratures of three example cusps obtained by separate fits to
We introduced the parametarinto the argument of the scal- data n a 2 mKspan that included .
ing function to obtain agreement with our data. Settikg Each value ofl s, was determined to within 12K. The
=1 caused large systematic deviations from the fits. values of T, are thus mutually inconsistent even though
In Eg. (2), the background viscosity was described by thethey all differ fromT, by less than 6QuK. Theory does not
sum of analytic functions of the density and the temperatureequate T, with T, because viscoelasticity and time-
dependent phase separation determiigg,. Therefore, in-
70(T.p)= 100 T) + 701(p). (24)  stead of using the values ®f,s,in the viscosity analysis, we

allowedT, to be a fitted parameter.
These functions were determined from the viscosity mea-

sured by others far from the critical poir{See Appendix C
of Ref.[11].) For consistency with the measurements of Ref.
[11], we setny(T.,pc) =(51.3-0.4) uPas. The present re- The viscosity exponent was obtained by dividing the fitted
sults are not sensitive to this descriptionmf. We used the value, vz, =0.043 49 0.000 35, by the correlation length
value p.=1116 kgm 3 determined from Nager and exponent,y=0.630[39,40, to obtainz,=0.0690+ 0.0006.
Balzarini's sample no. 135]. Both sample no. 1 and CVX This value forz, is 7% larger than the value obtained from
used high-purity xenon from Matheson. We estimated thehe highQ torsion oscillato11], even though the two data
uncertainty ofp. as the difference of 1.3 kg ni between sets agree at>3x10 *, where gravity had a negligible
the values for sample Nos. 1 and 2. influence on the higl data, and even though both data sets
Ideally the exponent characterizing the divergence of anyvere analyzed with the same crossover function. The Righ-
thermophysical property would be determined from data salata led to a lower value @, because they were obtained at
close toT, that the critical anomaly is much larger than the larger reduced temperatures, where the inaccuracy of the
noncritical background. The small value of the exporgnt crossover function used here and in Réfl] is more impor-
makes this impossible for viscosity, and the most accuratéant. Consistent with this attribution, fits to the present data
determination o, from the data requires knowledge of the at larger reduced temperatures yielded smaller values, of
crossover functionH(¢). Recently, Luettmer-Strathmann, These fits also showed systematic deviations that would not
Sengers, and Olchows6,37] published equations designed have been detected in the highédata because the latter had
to describe the crossover behavior of both viscosity and themore noise.
mal conductivity with a single fluid-dependent wave-number Two recent papers by Hao, Ferrell, and Bhattacharjee
cutoff g5 . We used the older crossover function by Bhatta-have refined the theoretical estimatezgf. The first paper

3. Viscosity exponent 7
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with the free parameter. This procedure yieldedr]
=(2.31+0.06) ps, thereby determining the frequency scale
Az with a relative uncertainty of 0.03. However, the relative
uncertainty of the raticA= 75/ 7o=2.0+0.3 is 0.15 because
of the larger uncertainty of,. The uncertainty of is domi-
nated by the uncertainty of xenon’s correlation length ampli-
tude, &,=(0.184-0.009) nm, which we estimated as the
difference between the two measurements reported iy Gu
tinger and Cannell43].

Bhattacharjee and Ferrell’'s theory of near-critical vis-
coelasticity[44,9] was stimulated by Bruschet al's high-
frequency measurements of viscosity near the critical point
of CO, [12]. These measurements, and later measurements
by Bruschi in CQ [13] and by Izumiet al. in xenon[14],
showed only qualitative agreement with theory. Berg and
Moldover’'s single-frequency measurements of two binary
liquids required viscoelasticity in the analys{See Fig. 9 in
[15].) However, the magnitude of the observable viscoelastic
effect was only 0.5%; in hindsight we see that their data are
consistent withA>1.

In contrast to these previous measurements, the present
data provide a quantitative test of the predicted functional
forms. As shown by Fig. 2, the functional for8(Az) de-
scribes the data for both Rg) and Im(») over a wide range
of scaled frequency (0.0084Az<33), provided that the
viscoelastic time scale is adjusted by the factor2.0
+0.3. In particular, the description is consistent with the

FIG. 16. Cusps in the data very closeTp. These data were prediction that Img)/Re(r) approaches 0.035 for large val-
taken at 5 Hz; similar features occurred at other frequencies abovges of|z|_

2 Hz. (a) Maximum dampingminimum amplitud¢ of the oscillator
occurred within 0.01 mK ofT,, corresponding td=+3x10"".
(b) A maximum of the phase located within 20K of T.. The inset
shows that the maximum was superposed on a broader minimum. Fitting to the logarithms ;) and In@pé,) instead of
dcéo and gpé, made the fitting routine more robust. The
[41] is a mode coupling calculation @, in a two-term ep-  values obtained wergcéo=0.051+0.007 andqpéo=0.16
silon expansion. In contrast to earlier work by Siggteal. ~ +0.05. The fitted value ofic£, agrees with the independent
[42], Hao et al. found that vertex corrections were signifi- value 0.05¢0.004 determined from published data that do
cant, and they argued that a two-loop perturbation expansionot include the near-critical viscosity. See Appendix D.
in three dimensions would give a more accurate result. The
second papdrl6] gives the more accurate calculation, which
leads toz,=0.067+0.002, where the uncertainty is the au-
thors’ “rough estimate of the inaccuracy introduced by vari-  We thank the CVX development team led by A.M. Peddie
ous approximations.” Thus the experimental and theoreticahnd J.L. Myers at NYMA Inc., the TAS-01 Mission team led
values ofz,, agree within their combined uncertainties. by N.F. Barthelme, and the STS-85 crew. We thank R.A.
Ferrell, R.W. Gammon, and R.A. Wilkinson for stimulating
and critical comments. D.G. Friend’s careful reading of the
The value ofA was obtained by replacing the fluctuation- Manuscript led to many improvements. The CVX project
decay time amplitude used in E@®), was managed by R.W. Lauver and |. Bibyk through the
NASA Lewis Research Center and was funded by the NASA
Microgravity Science and Applications Division.
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_ 6mES N0
keTel(dcéo) ™+ (apéo) 11

Ty =(1.15+0.17 ps,

TABLE I. Cusps neaf..

(25

Cusp

(Tcusp_ T uK

Phase at 2 Hz
Magnitude at 5 Hz
Phase at 5 Hz

+56
-1
—-17

APPENDIX A: TABULATED VISCOSITY DATA

Tables Il and Il give values of Ref) outside the vis-
coelastic region. Only data taken at 2 Hz are listed. The data
at higher frequencies were consistent with those at 2 Hz;
however, they had smaller signal-to-noise ratios. Three of
the values represent a single 45-min data point, and their
uncertaintyo; was estimated as the standard deviation of all
of the 45-min points from a fit to the data in the range
10 8<t<10"3. (All three haves;=0.03) The other values
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TABLE Il. CVX data taken in microgravity tt>2x10"%).

10°t Re 7(2 Hz)]/(uPas)
1029.0 52.24%10.017
344.3 53.009-0.018
104.1 54.5090.010
100.0 54.58% 0.013
96.35 54.576 0.022
65.51 55.2130.018
59.60 55.27%0.032
43.36 55.923 0.023
35.89 56.30%0.010
35.48 56.3390.010
34.76 56.349-0.013
29.69 56.709 0.012
21.18 57.3590.024
20.76 57.389:0.015
17.07 57.8240.012
14.93 58.088:0.017
11.73 58.65& 0.017
11.03 58.7840.024
8.645 59.29% 0.024
8.620 59.35%0.011
6.808 59.876& 0.025
5.886 60.246 0.014
4.978 60.6168-0.025
4.381 60.93%0.018
3.142 61.76%0.025
2.960 61.938:0.011
2.211 62.7120.018

are averages dil 45-min points, and their uncertainty was
estimated asr; /\/N.

Table 1V gives values of Ref) and Im()/Re(n) inside
the viscoelastic region. Each temperature represents a sin
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quency but not temperature, are listed at the head of each
column.

The values in the tables are based on the valyg
=53.0uPas assumed for the viscosity at the calibration
temperatureT .+ 1.000 K. The value ofy., is uncertain by
0.8%.

APPENDIX B: ELECTROSTRICTION

A time-independent electric field of magnituéethat is
localized to a small volume of the xenon causes a relative
increase in the local density given by

Ap_(PE

*
= . (B1)
Pc Pc AT

Here Pe=(exe/€9—1)(exe/ €9+ 2)€eoE?/6 is the induced
change in chemical potential per unit mdd$], P is xe-
non’s critical pressure, ane,, and ey, are the permittivities

of vacuum and xenon. Electrostriction is conspicuous near
T. because of the large density changes resulting from the
large value ofy¥ , the reduced susceptibility at constant tem-
perature.

As a first step toward calculatirig, we ignored the oscil-
lator’'s presence and modeled the electric field between the
viscometer’s driving electrodes as that in a parallel plate ca-
pacitor. See Fig. 17. If the voltages on the two electrodes are
V, andV,, and the distances from the oscillator to the two
electrodes ar@; andx,, this electric field’s magnitude is

Vi—V
_(Vamva) ©2)
(X1 +X2)
Electrostriction due td, was insignificant.
Next we modeled the field concentrated near one of the
thin wires comprised by the oscillator. We adapted Spangen-
berg’s[46] model for the electric potential in a vacuum tube,

gqgnsisting of two electrodes and a grid modeled as a planar

45-min data point. The uncertainties, which depend on fre@Tay of parallel line charges. The radial fidid near one of

TABLE lIl. CVX data taken on the groundt¥1x10%).

10°t R 7(2 Hz)])/(uPas)
5527 52.6230.015
3976 52.316:0.012
2420 52.073:0.017
1730 52.04%0.021
1729 52.0480.010
1729 52.0480.010
1729 52.04%0.010
1729 52.0530.017
1039 52.1780.017
1034 52.162-0.017
354.2 52.928 0.031
338.0 52.9740.015
220.9 53.446:0.031
140.9 54.01%0.022
105.6 54.37%0.011
105.4 54.366:0.010

the wires, modeled as a cylinder, is

2

4ar

R
E/(r,0)=(E;+E)) +Eq 1+(? cog 6).

(B3)

Herer and ¢ are cylindrical coordinates centered on the wire,
Ris the radius of the wire, ana>R is the spacing between
wires. The first term in Eq(B3) originates in the wire’s

+30V
IR X *Ez
a
Yo &0 o o o 0V
X El
30V

FIG. 17. Model cross section of the CVX electrodes used to
calculate electric fields. The field near the screen depended on the
potentialsV, andV,, the distanceg,,x,, anda, and the wire radius
R.
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TABLE IV. CVX viscoelastic data {<2x10%).

10°t Re(n)/(nPas) —10*Im( 5)/Re(n)

2 Hz 3 Hz 5 Hz 8 Hz 12 Hz 2 Hz 3 Hz 5 Hz 8 Hz 12 Hz

+0.04 =*=004 =005 =*=007 =0.11 +8 *6 *4 +8 +15

19.91 63.00 63.00 62.99 63.04 62.92 5 9 7 17 11
18.91 63.14 63.13 63.12 63.09 62.94 6 8 -1 9 4
16.63 63.46 63.47 63.41 63.51 63.47 7 2 8 25 7
15.70 63.62 63.64 63.63 63.60 63.55 9 7 11 12 28
13.80 63.96 63.97 63.99 63.91 63.95 5 7 15 17 —13
12.72 64.18 64.18 64.17 64.23 63.98 -8 9 12 31 15
11.92 64.33 64.36 64.36 64.37 64.19 5 13 18 12 10
11.03 64.33 64.53 64.50 64.50 64.36 2 12 11 31 23
10.27 64.71 64.72 64.70 64.66 64.66 9 14 18 42 56
9.76 64.83 64.84 64.84 64.85 64.62 5 15 20 29 51
9.27 64.83 64.99 64.98 64.99 64.79 5 12 24 39 58
8.84 65.13 65.11 65.06 65.06 64.81 5 15 16 50 3
8.38 65.27 65.26 65.26 65.16 65.27 2 15 22 a7 24
7.87 65.43 65.42 65.40 65.40 65.35 9 17 32 43 17
7.41 65.58 65.57 65.53 65.48 65.24 3 19 26 53 72
6.97 65.77 65.79 65.70 65.71 65.57 18 21 20 40 45
6.21 66.09 66.08 66.05 65.95 65.83 17 28 40 64 63
5.34 66.47 66.49 66.38 66.41 66.11 22 32 43 62 62
4.88 66.77 66.74 66.68 66.63 66.56 39 45 57 82 76
4.40 67.00 67.01 66.93 66.90 66.48 28 44 58 92 115
3.95 67.31 67.30 67.28 67.12 66.81 38 56 69 94 103
3.49 67.64 67.60 67.46 67.25 67.11 48 63 71 107 118
3.02 68.00 67.95 67.81 67.59 67.45 55 79 84 113 111
2.60 68.37 68.25 68.17 67.93 67.51 77 98 102 145 123
2.19 68.82 68.74 68.53 68.19 67.58 90 110 131 157 175
1.69 69.38 69.24 68.92 68.56 68.22 111 131 155 178 222
1.28 69.94 69.71 69.39 68.85 68.60 143 169 187 207 198
0.79 70.65 70.33 69.81 69.36 68.68 179 213 237 265 253
0.31 71.43 70.98 70.39 69.71 69.0% 268 290 300 319 306

induced line charge, and it disappears when the fi&gds The dependence of the viscosity on correlation lergth
=V, /x, andE,=V,/x, are equal and opposite. It is a factor and frequency is

of two smaller than in Spangenberg’s model because the 2 (342

charge induced on the CVX oscillator was spread over trans- (&)= n(§,0S =72, (Cy

verse as well as longitudinal wires. The second term origi- . . .
nates in the wire’s induced line dipole; it was added to Span\—’vhere the argument of the scaling functidfz) is the scaled

: ; frequency defined by=—i=fr. Bhattacharjee and Ferrell
enberg’s model to create a zero potential surface=aR. .
g We gapplied Eq.(B3) to CVXpusing the valuesa used the decoupled-mode theory to calculs{e) to single-
~0.85 mmR=0.009 mm, and/;= —V,=Vpc=30 V. We loop order. They accurately approximated their result in

allowed for asymmetry in the viscometer’'s construction byCI.Osed _form by an average of calculations in two and four
estimating the unequal distances=3 mm andx,=5 mm. dimensions,
At the wire’s surface, the field was concentrated by the factor

E,/Ex=6. At T;+0.3 mK, the associated density increase
was only 0.05% and thus negligible.

S=(S,)23(S,) . (C2

Here, the tilde refers to additional rescalings given by

APPENDIX C: FREQUENCY-DEPENDENT SCALING S)(2)=S,((2/e)°2) and S,=S,((8le)z).  (C3)

FUNCTION S(z
@ The scaling function$&, and S, are given by

Bhattacharjee and Ferrell calculated the frequency-
dependent viscosity of a classical fluid near its critical point.
The relevant portion of their results in R¢8] is reproduced In(S;) = (ﬁ) +
here, correcting two typographic errors in the original pub-
lished expressions for I6f) and forR(z). and

2
) Inz (C49

z—1
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TABLE V. Quantities used to calculatg: .

In(S,) 3+2+1 3+1)| +(5 5+1R()
n =| -3+ - ——+—]Inz ——+—=|R(2),
N z z 7 z 2 Uncertainty
(Ch Quantity (%) Reference
where T, 289.74 K 0.01 [27]
P. 5.83 MPa 0.2 [27]
R(g) 1 | 1+(1—42)1? 1 Pe 1116 kg m3 0.1 [35]
(Z)_ (1_42)1/2 n 1— (1_42)1/2 ! |Z| <Z’ r+ 0.058 35 [47]
(C6) & 0.184 nm 4.9 [43]
7o 51.3 uPas 0.8 [11]
. y 1 No 0.0166 WKIm? 25 (48]
R(2)= e tan '{(4z-1)*7, [2=7. (T/PQ)(9PIT),,  5.65 2.9 [27]
In the limit of large|z], the ratio of imaginary and real vis- where 7, and\, are the background viscosity and thermal
cosities approaches the value conductivity, andl’* is the amplitude of the reduced com-
pressibility. Table V gives the values and uncertainties used
Im( ) in Eq. (D1).

— ~ 00
(3 Z”) ’ ' | | ' (

Re(7)

The references fox and (aP/c?T)pC did not give uncer-
tainties. We estimated the value and uncertainty of
APPENDIX D: ESTIMATION OF Q¢ (&P/&T)pC from Table XXVIII and Fig. 14, respectively, of

Ref.[27]. We obtained\ by interpolating the plot in Ref.

The dimensionless parame is given by[10
P B0 IS 9 y[10] [48]. We estimated the uncertainty bf, from the agreement

kgP " [Te[aP| ]2 between the thermal conductivity valuasat atmospheric
dcéo=7a~ 2 |5 | 77 =0.059+0.004, (D1)  pressure and the predictione 15kg 5/(4m), wherem is the
16770M 00| Pc\ dT
Pe molecular mass.
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