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Viscoelasticity of Xenon near the Critical Point
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Using a novel, overdamped, oscillator flown aboard the space shuttle, we measured the viscosity of
xenon near the liquid-vapor critical point in the frequency rabdtz < f =< 12 Hz. The measured vis-
cosity divergence is characterized by the expongnt 0.0690 = 0.0006, in agreement with the value
z, = 0.067 = 0.002 calculated from a two-loop perturbation expansion. Viscoelastic behavior was
evident whery = (T — T.)/T. < 1073 and dominant whem < 10~°, further fromT, than predicted.
Viscoelastic behavior scales 4g 7 wherer is the fluctuation decay time. The measured valud @

2.0 = 0.3 times the result of a one-loop calculation. (Uncertainties stated are one standard uncertainty.)
[S0031-9007(98)08357-4]

PACS numbers: 51.20.+d, 05.70.Jk, 64.60.Ht, 83.50.Fc

As the liquid-vapor critical point is approached, thethe rangez << 1 to z > 1. Prior measurements were
shear viscosityn(£) measured in the limit of zero fre- unable to achieve these conditions [4,5].
quency diverges a&*r, where¢ is the correlation length, We developed a novel viscometer, integrated it into the
which itself diverges on the critical isochore as”.  “critical viscosity of xenon” (CVX) experiment package,
[Here,t = (T — T,)/T,, T. is the critical temperature, and operated it aboard the Space Shuttle Mission STS-85.
andr = 0.630.] Because the critical viscosity exponent Figure 1 shows that the shuttle’s microgravity environ-
zy = 0.069 is so small, it is very difficult to measure ac- ment enabled CVX to make accurate viscosity measure-
curately on Earth in a pure fluid such as xenon. Closenents two decades in reduced temperature closér, to
to the critical point, gravity causes stratification of thethan the best ground-based measurements. The data for
very compressible xenon and blunts the divergence of ththe real part of the viscosity Re) lead to the result
viscosity in a manner that depends upon the height of,, = 0.0690 = 0.0006, in agreement with the valug, =
the viscometer. Far from the critical point, the separa0.067 = 0.002 obtained from a recent two-loop perturba-
tion of the viscosity into critical and background contri- tion expansion [6].
butions is uncertain; the critical contribution is a small As CVX approached the critical temperature, viscoelas-
fraction of the total, and the separation depends sensticity caused Rén) to depart from the asymptotic power-
tively upon the “crossover function,” which is known only law divergence, first at high frequencies and then at low
approximately. frequencies as shown in Fig. 2. In the same temperature

At nonzero frequencieg, n(¢, f) is complex in near- range, Infn) decreased from zero. [lm) is the ratio of
critical fluids, even at the subaudio frequencies used
here. Ordinarily, viscoelasticity (i.e., a partly elastic 5
response to shear stress) is seen either at much higher 0L o’ of
frequencies or in complicated fluids such as polymer microgravIy "R
melts. Bhattacharjee and Ferrell [1] calculated the scaling
function S(z) for near-critical viscoelasticity. Their result
can be combined with the crossover functifit¢) from
Ref. [2] and the background viscosityy(7, p) from
Appendix C of Ref. [3] to obtain the prediction

n(&, f) = no(T, p) explz, H(E)][S(Az)] /¥,
1)

Here, the scaled frequency is defined by= —inf,
where the fluctuation-decay time is= 671 &3 /kpT,. =
ot ~7G*%) We introduced the parametér= 2.0 * 0.3 FIG. 1. Log-log plot of xenon's viscosity measured near the
into the argument of the scaling functidf(z) to obtain  critical point. The asymptotic line has the slopg/»v =
agreement with our data. (Al uncertainties stated ard-0435 deduced from the present microgravity data. N&ar

. . he CVX microgravity datdRe(n) at 2 Hz] depart from the
a single standard uncertainty.) Accurate measuremen ymptotic line because of the viscoelasticity. The two sets of

of the scaling function require accurate measurements Qfround data depart from the asymptotic line further frém
n(&, ) in the region wheré is large and where spans because the xenon stratifies in Earth’s gravity.
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FIG. 3. Cutaway view of the CVX viscometer cell. The
cylindrical volume occupied by the xenon was 38 mm long and
19 mm in diameter. The screen was oscillated by applying
voltages to the four electrodes. The electrodes were also
| (b) components of a 10 kHz capacitance bridge that detected the
screen’s motion.
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nents in the rang®.03 Hz < f < 12.5 Hz. The corre-

FIG. 2. Xenon's viscosity at critical density measured at 2-sponding viscous penetration length= [n/(p 7 f)]/2
12 Hz. The solid curves resulted from fitting Eq. (1) to the dataranged from 800 td0 um

in the rangel0~% < r < 107*. (a) The real viscosity Re). . . .
Near: = 105, the data depart from the 0 Hz curve because 1h€ Scréen had a complicated geometry; thus, the vis-

of viscoelasticity. (b) The ratio Ifm)/Re(n). For clarity, the  cosity could not be calculated from its dimensions and its
ratio data at frequencies above 2 Hz are displaced downwartesponse to the applied torque. Instead, we relied on a hy-
by integefsmultiples of 0.005; otherwise, they would COinCidedrodynamic similarity argument [8] which shows that the
atr > 107 drag on the screen was proportionalffa(8) and we de-
termined the calibration functioB(8) from the viscosity
the quadrature component of drag on the viscometer tdata taken af.,; = 7. + 1 K while CVX was in orbit.
the driving force.] This viscoelastic behavior was evidentThe calibration procedure and tests of the similarity ar-
whent < 1073 and dominant at < 107, further from  gument were described in our earlier work [8]. Because
T. than predicted by Bhattacharjee and Ferrell's one-loopm(n) = 0 under the conditions of the calibration, we de-
calculation [1]. The fitted valuel = 2.0 = 0.3 means duced Rén) and Im(n) from the magnitude and the phase
that viscoelastic relaxation in xenon is 2 times slowerof the screen’s response to the applied torques by analytic
than predicted. This factor is a challenge to the presertontinuation ofB(8) to complex arguments.
one-loop theory; however, the challenge is comparable to We used data outside the viscoelastic region to check
one that Bhattacharjee and Ferrell met when scaling ulthe calibration procedure in three ways. First, the values
trasonic attenuation and dispersion in near-critical liquidof Re(7) were examined at 2, 3, 5, 8, and 12 Hz for fre-
mixtures. When they replaced the one-loop acoustic theguency dependence. None was found. Second, the val-
ory with a more sophisticated theory [7], the ultrasonicues of Ré»n) were compared with our previous data [3]
frequency scale changed by a factor of 1.6. taken on Earth with a hig®, 7 mm high, oscillating-
The unique CVX viscometer, shown schematically incylinder viscometer. They agreed throughout the range
Fig. 3, was a thin rectangular nickel screen (19 mm long X 107% <t < 5 X 1072, where the data sets overlap
and 8 mm wide) composed of 0.03 mm wide electrodeand where the higi® data were not greatly affected by
posited wires spaced 0.85 mm apart. A wire in the middlestratification. Third, the values of Ifm) were examined
of the screen was extended and soldered to a supportirigr departures from zero. The examination revealed de-
yoke, permitting the screen to oscillate in the xenon muclpartures from zero that were less than 0.002:Reand
like a child’s seesaw. These torsional oscillations weravere a weak function of Iqg(7 — T¢,1), suggesting that
driven and detected by nearby electrodes. The torque aphe screen was influenced by an additional force not pro-
plied to the screen was derived from a repeated, 32-s longortional tof>B(5). We applied a corresponding correc-
waveform that had equally weighted frequency compo+ion proportional to log,(7 — Tc,1), and we extrapolated
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this correction to Inmy) inside the viscoelastic region. g¢ andgp that occur in the crossover function for xenon,

We checked the validity of this extrapolation by fitting and one is the value df, on CVX’'s temperature scale.

A separately to Re) and In(%) inside the viscoelastic When all of the data within the rang® ¢ < r < 107*

region. The two values of agreed within 4%. [If we were fitted for these parameters, the results inclugeer

had assumed the correction to(ly) were proportional to  0.0690 = 0.0006, gc&o = 0.051 = 0.007, and gp &y =

(T — T.q) raised to a small power such as, our results  0.16 *= 0.05, where the standard uncertainties quoted

would be unchanged.] allow for the correlations among the parameters. The
The maximum displacement of the screen was 0.03 mrsame fit determined the produdtr, with a fractional

and the maximum shear rate wass™'. The product standard uncertainty of 0.03. However, the fractional

(shear rate)x (fluctuation-decay time) was always suf- uncertainty of A itself is 0.17 because of the larger

ficiently small that CVX did not encounter near-critical uncertainty of the fluctuation decay-time amplitudg

shear thinning [9]. The oscillating screen had a mass ofjiven by

only 1 mg; thus, its operation was relatively insensitive to 260 T emnoél

the in-orbit vibrations of the shuttle, and it survived the 70 (g + g0 T

rigors of launch and landing with a large margin of safety. ¢’\qc 4p Bfe
The CVX cell and thermostat were designed such thaFor xenon,7p = (1.15 = 0.17) X 10~!? s and the uncer-

the xenon sample would be isothermal witli? wK at  tainty of 79 is dominated by the uncertainty of xenon’s

T. =290 K. Tests indicated that the thermostat's per-correlation length amplitudeé, = 0.184 = 0.009 nm

formance was 4 times better than this [10]. Calculationsvhich we estimated [11] as the difference between the

ignoring convection showed that the CVX sample was toawo measurements reported in [12].

large to attain thermal equilibrium very close To dur- The fit to the data more thar90 uK above T,

ing the 11-day flight. This led to the concern that oncedeterminedr. with a standard uncertainty &f uK. It is

large density inhomogeneities were generated, for exreassuring that, for every frequency examined, botfyiRe

ample, by cooling the sample beldi¥, they would per- and Im(n) showed extrema withi0 wK of the fitted

sist. To alleviate this concern, the sample’s temperaturealue of 7.. Equally reassuring, the fitted value @f &y

was programmed to minimize density inhomogeneitiesagrees with the valugc&, = 0.059 = 0.004 determined

The sample was fully equilibrated &t + 100 mK to  from independently published data that do not include the

achieve a homogeneous density. The subsequent coalear-critical viscosity [3,11].

ing ramps towardd. reduced the density in the interior  Figure 2(b) shows the ratio I(w)/Re&(n). This ratio

of the cell by at mos0.0013p,, according to a conser- is independent of the background viscosity and the

vative, convection-free, one-dimensional, thermal modelcrossover functionH (¢); thus, these data are sensitive

Electric-field induced convection of the sample and heabnly to A, T,, and the scaling function. Figure 2 demon-

conduction along the metal components within the celktrates that the functional forn§(Az) describes both

could only reduce density inhomogeneities. Re(n) and Im(n) in the rangesl0™® <t < 107> and
Key portions of the CVX data were taken as the2 Hz < f < 12 Hz, corresponding t®.06 < Az < 33,

temperature was ramped downward throufh The provided that the factoA that sets the frequency scale

first ramp, at the rate-1 uK/s, started af’. + 0.05 K.  has the value 2.0.

The second ramp was 20 times slower; it started at We thank the CVX development team led by A. Peddie

T. + 0.003 K and had the rate-0.05 uK/s. AboveT., and J.L. Myers at NYMA Inc., the TAS-01 Mission

the data from the two ramps were indistinguishable; theaeam led by N.F. Barthelme, and the STS-85 crew.

viscosity increased monotonically, becoming complex andVe thank R.A. Ferrell, R.W. Gammon, and R.A.

frequency dependent & was approached. BeloW.,  Wilkinson for stimulating and critical comments. The

the data from the slower ramp indicated higher viscositie€VX project was managed by R. Lauver and |. Bibyk

in the phase-separating sample. through the NASA Lewis Research Center and was
In Eqg. (1), the background viscosity was described byfunded by the NASA Microgravity Science and Applica-

the sum of analytic functions of the densjiyand the tem-  tions Division.

perature:no(T, p) = noo(T) + no1(p). (See Appendix

C of Ref. [3].) These functions were determined from

the viscosity measured by others far from the critical

point. For consistency with th% measurements of Riaf. [3] search, clo NASA Lewis Research Center. Cleveland.

and the valuep, = 1116 kg/m°, we setno(T,, p.) = Ohio 44135,

51.3 £ 04 pwPas. The present results are not sensitive [1] J.K. Bhattachariee and R.A. Ferrell, Phys. Rev.2&

to this description ofy [3,11]. 1544 (1983). Typographic errors appear in Eq. (3.2.1)
The CVX viscosity data at 2, 3, 5, 8, and 12 Hz and Eq. (3.2.2) of this reference.
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“universal” parameters, andA, two are the wave vectors Sengers, Phys. Rev. 24, 1469 (1981).
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