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The Viscosity of Seven Gases Measured with a
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The viscosity of seven gases (Ar, CH,, C;H;, N,, SF;, CF,, C,F;) was deter-
mined by interpreting frequency-response data from a Greenspan acoustic vis-
cometer with a detailed model developed by Gillis, Mehl, and Moldover. The
model contains a parameter €, that characterizes the viscous dissipation at the
ends of the viscometer’s duct. It was difficult to determine €, accurately from
dimensional measurements; therefore, €, was adjusted to fit the viscosity of
helium on the 298 K isotherm (0.6 MPa < p < 3.4 MPa). This calibration was
tested by additional viscosity measurements using four, well-studied, polyatomic
gases (CH,, C,Hg, N,, and SF;) near 300 K and by measurements using argon
in the range 293 K < 7'< 373 K. For these gases, all of the present results agree
with reference values to within +0.5% (+0.4% in the limit of zero density). The
viscosities of CF, and C,F; were measured between 210 and 375 K and up to
3.3 MPa with average uncertainties of 0.42 and 0.55%, respectively. At the
highest density studied for CF, (2746 mol-m ™), the uncertainty increased to
1.9%,; of this 1.9%, 0.63% resulted from the uncertainty of the thermal conduc-
tivity of CF,, which other researchers estimated to be 2% of its value at zero
density. As an unexpected bonus, the present Greenspan viscometer yielded
values of the speed of sound that agree, within +0.04%, with reference values.

KEY WORDS: argon; carbon tetrafluoride; Greenspan viscometer; hexa-
fluoroethane; methane; nitrogen; propane; sulfur hexafluoride; viscosity.

1. INTRODUCTION

The semiconductor processing industry requires accurate values of the
thermodynamic and transport properties of “surrogate’ gases and process
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gases for calibrating mass flow controllers used in process streams. The
surrogate gases (e.g., Ar, N,, SF,;) are benign; however, many of the
process gases (e.g, trimethyl-gallium, silane, phosphine) are difficult to
handle because they are toxic or highly reactive. Consequently, the ther-
mophysical properties of many process gases have not been accurately
measured. To obtain accurate measurements for the process gases effi-
ciently and safely, NIST has developed small, robust, acoustic resonators
that require only small samples and that can easily be contained within a
purged gas cabinet similar to the previously described system used for
speed-of-sound measurements [ 1]. Here, we describe a Greenspan acoustic
viscometer and report results obtained with it for seven benign gases (Ar,
CH,, C;H;, N,, SF;, CF,, C,F,).

In 1953 Greenspan and Wimenitz [2] proposed determining the vis-
cosity of gases by measuring the energy losses in a double Helmholtz
acoustic resonator. We implemented their proposal by building a double
Helmholtz resonator [3-5] composed of two gas-filled cylindrical cham-
bers of radius r, and length L_ that were coupled by a duct of radius r4 and
length L,. (See Fig. 1.) In the Helmholtz mode, the gas within the resona-
tor oscillates between the two chambers through the duct. Most of the
energy in the oscillation is dissipated by viscous friction, either within the
duct or within a distance of order r; outside the ends of the duct. In this
respect, the Greenspan viscometer resembles an oscillating version of a
capillary viscometer.

For the resonator in Fig. 1, the Helmholtz resonance occurred near the
frequency f3 = (cry)?/(2nL,V,), where c is the speed of sound and V, is
the volume of one chamber [3]. In the vicinity of f,, we measured the
frequency dependence of the in-phase and quadrature voltages at the
source and detector transducers. The complex ratio (detector voltage)/
(source voltage) =W = u+iv is proportional to the ratio of the acoustic
pressure in the chamber to the acoustic source strength and defines the
frequency response of the oscillating gas at the measurement frequency.
The frequency dependence of W was analyzed to determine the speed of
sound and the viscosity of the gas. This could be done very precisely
because f, was well below the frequencies of all the other acoustic modes
of the enclosed gas and all of the elastic modes of the resonator’s body.
When the quality factor of the resonance Q >> 1, the complex voltage ratio
is well approximated by a Lorentzian function of the frequency (charac-
terized by a resonance frequency, a half-width, and a complex amplitude)
plus a background term,
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Fig. 1. Cross section of a cylindrical Greenspan viscometer showing two cylindrical
chambers connected by a cylindrical duct. Each chamber has a thin diaphragm at the
top of the cavities which contain the source (S) and detector (D) transducers.
The dimensions in millimeters are Ly =31.17, r, =2.316, ry=3.21, r,=21.02,
L, =21.04, and L; =10.5. The fill capillary has an inner radius of 0.10 mm and a
length of 80 mm. The viscometer is located inside of a pressure vessel (not shown)
filled with argon gas at a pressure equal to that of the sample gas.

where A4, B, and C are complex constants. Here, g is the half-width of the
resonance peak at l/ﬁ times its maximum amplitude, and the quality
factor is defined by Q = f,/(2g). Considering only viscous dissipation in
the duct, the viscosity # of the gas is related to Q through

n= nfoP("d/Q)z 2

where p is the gas density. Heat transport between the oscillating gas and
the metal parts of the resonator causes significant energy dissipation; there-
fore, Eq. (2) overestimates #. The overestimate is, fractionally 0.44(y—1)/

Pr. Here, y~ C,/C, is the ratio of heat capacities, Pr=#C,// is the
Prandtl number, A is the thermal conductivity, and the numerical factor
0.44 applies to the specific viscometer shown in Fig. 1. It follows that the
uncertainty of the viscosity deduced from the Greenspan viscometer is at

least 0.22(y—1)/./Pr (41/ 1) where (41./7) is the fractional uncertainty of



1444 Hurly, Gillis, Mehl, and Moldover

the thermal conductivity of the gas. As the critical point is approached,
(y=1/ \/ITr increases greatly; eventually, the thermal dissipation exceeds
the viscous dissipation. Therefore, the Greenspan viscometer is not a useful
viscometer near critical points.

In practice, we did not use the approximate relationships, Egs. (1) and (2).
Instead, we determined the viscosity by fitting the frequency-dependent
complex-voltage ratio W( f) with the theoretical function (Eq.(36) in
Ref. 4) derived by Gillis et al. from a detailed acoustic model. This model
accounts for thermal and viscous energy dissipation everywhere on the
resonator’s boundaries and also for the attenuation of sound throughout
the volume of gas in the resonator. The model acoustic response function
reduces to the Lorentzian form in the limit Q > 1; however, the more
general function is necessary to exploit the high precision of the Greenspan
viscometer over the entire range of experimental conditions. Some impor-
tant aspects of the model are discussed in Section 3.

The primary improvement in this work over that of Wilhelm et al. [5]
is the use of a more accurate model. We also improved the corrosion resis-
tance and interior surface finish of the resonator by using diaphragms that
were integral parts of the resonator walls instead of disks that were
soldered in place. These improvements permitted us to replace the ad hoc
calibration function used in Ref. 5 with a physically-motivated fit of a
single parameter that characterizes the dissipation in the divergent acoustic
flow at each end of the duct. As in Ref. 4, this parameter was obtained by
comparing the present measurements with helium in the viscometer to ref-
erence data on one isotherm (7' =298.15 K; 0.6 to 3.4 MPa). The reference
value of the zero-density viscosity was taken from the ab initio calculations
of Hurly and Moldover [6], and the density dependence of the viscosity
was taken from the measurements of Kestin et al. [7]. The deviations of
the helium viscosity results before and after calibration are shown in Fig. 2.

Below, we present results for the viscosity in five other well-studied
gases: Ar, CH,, C;H,, N,, and SF,. These gases were used to test our
understanding of the acoustic model and the performance of the Greenspan
viscometer. Over the entire pressure range, all of the present measurements
fall within +0.5% of previously published measurements obtained using
other experimental techniques. In the limit of zero density, our measure-
ments fall within +0.4% of previously published measurements, which is
consistent with their combined uncertainties.

We also report measurements for CF, and C,F,, two surrogates for
process gases whose viscosities had not been accurately measured earlier.
For these gases, the viscosity data span the temperature range 210 to 375 K
and pressures up to 3.3 MPa. The average uncertainty of the viscosity was
0.42% for CF, and 0.55% for C,F;. The largest uncertainty (1.9%)
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Fig. 2. Deviations of the measured viscosity of helium from reference values
before () and after (O) calibration. Calibration of the viscometer was achieved
by adjustment of two model parameters that describe the effects of diverging-con-
verging flow near the duct ends. The 1% decrease of the viscosity was achieved by
a 4% increase in €, from its calculated value. The second parameter only affected
sound speed.

occurred in CF,, at the highest density (2746 mol-m~). Of the 1.9%,
0.63% resulted from the 2% uncertainty of the zero-density thermal con-
ductivity of CF,, reported in the literature.

2. APPARATUS AND EXPERIMENTAL TECHNIQUES

2.1. Resonator

Figure 1 shows a schematic cross section of the Greenspan viscometer.
Following Wilhelm et al. [5], it was composed of two cylindrical shells that
were sealed with indium-coated surfaces to a central disk that contained the
main duct. The shells and the disk were machined out of stainless steel.
A diaphragm, driven by a piezoelectric-stack transducer (S in Fig. 1) gen-
erated sound in one chamber. The resulting pressure oscillations in the
second chamber drove a second diaphragm attached to a similar transducer
(D in Fig. 1) used as a detector. Both diaphragms were between 0.10 and
0.15 mm thick. They were formed by machining cavities into the ends of
the chambers, leaving only a thin metal wall. This contrasts with the reso-
nator in Ref. 5, which had the diaphragms soldered in place so that the
sample gas was in contact with a bead of solder and a seam. Each trans-
ducer was pressed against the outer side of a diaphragm by a screw that
was supported in a 5 mm thick backing plate.
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The duct was an electro-polished section of stainless steel tubing welded
in place. We measured the duct’s inside radius ry=(2.3163+0.0005) mm
using a coordinate measuring machine. The ends of the duct had been cut
with an electron-discharge machine to produce sharp, right-angled surfaces
that facilitated measuring the dimensions of the duct. In hindsight, it would
have been wiser to use a duct with rounded, well characterized ends
because the acoustic dissipation is particularly sensitive to geometric
imperfections (such as burrs or chamfers) near the right-angled ends
of the duct than to geometric imperfections elsewhere. This happens
because the acoustic velocity increases whenever sharp, external corners are
approached. (In the limit of vanishing viscosity, the velocity diverges
weakly at external corners.) If the shape of a corner were to change (for
example, by the deposit of particles or an oil film), the response function of
the viscometer would change.

A capillary tube was used to evacuate the resonator and fill it with test
gases. The capillary had an inner radius of 0.10 mm and a length of 80 mm.
As shown in Fig. 1, the fill capillary was located at the middle of the duct
where the Helmholtz mode has a pressure node because of the resonator’s
symmetry. At this unique location, there is no oscillatory pressure to drive
sound into the capillary [4, 5]. Therefore, the presence of the fill capillary
has negligible effects on the resonator’s frequency response.

The frequency of the Helmholtz mode f, varied from 104 Hz (SF; at
298.15K and 0.15 MPa) to 948 Hz (helium at 298.15 K and 3.38 MPa). If
other resonances in the apparatus accidentally occurred near f;, they
would have interfered with the accurate measurement of the acoustic
response. When the measurement frequency was increased well above f,,
we encountered a pair of resonances in the test gas that corresponded to
the lowest azimuthal modes of the gas in each chamber of the resonator.
These modes occur at approximately 6 times f, and caused no problems.
When evacuated, the resonator had many structural resonances at 12 kHz
and at higher frequencies, again well above f;. In normal use the resonator
was suspended in an argon-filled pressure vessel that was maintained at the
same pressure as the test gas inside the resonator. Near 300 K, the argon in
the pressure vessel had a resonance near 500 Hz and others at much higher
frequencies. The 500 Hz mode did not coincide with the Helmholtz mode
of the viscometer for any of our test gases. In case of such a coincidence we
would have replaced the argon by a gas with a different speed of sound.

Normally, the pressure across the diaphragms separating the test gas
from the transducers was maintained in the narrow range Ap=0.0+
0.5kPa. (4p > 0 means the argon pressure outside the resonator exceeds
the test gas pressure inside the resonator.) With argon as the test gas, we
explored the effects of differential pressures up to 4p= +300 kPa. When
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Ap increased, f,, and the amplitude of the detected voltage increased while
g decreased. These changes were reversible, nonlinear functions of Ap. At
the extremes, 4p= 1300 kPa, the apparent viscosity changed by +0.8%.
In the smaller range, A4p= +50 kPa, g was a linear function of Ap with a
slope equivalent to the pressure-dependent viscosity: —0.01 uPa-s-kPa™".
In the normal operating range, 4p=(0.0+0.5) kPa, the apparent viscosity

change was less than +0.005%.

2.2. Pressure and Temperature Measurements

The resonator was suspended vertically inside an argon-filled pressure
vessel. Both the fill capillary and the pressure vessel were connected to a
Monel* gas handling manifold. The test gas was separated from the argon
by a high-precision differential pressure gauge (DPG) with a full scale
range of +13.3kPa. A pressure controller adjusted the argon pressure to
balance the test gas pressure as indicated by a zero output from the DPG.
The argon pressure was measured by a quartz Bourdon-tube pressure
gauge with a maximum working pressure of 3400 kPa. The uncertainty of
the pressure of the test gas was estimated to be +0.2 kPa.

A standard platinum resistance thermometer (SPRT) was calibrated
on ITS-90 and inserted into a well in the central disk of the resonator
opposite to the fill capillary. (See Fig. 1.) The SPRT was connected to a
four-wire, high precision 7'2-digit multimeter. The uncertainty of the tem-
perature of the test gas was estimated to be 10 mK. The entire pressure
vessel was immersed in a thermostated liquid bath. Oil was used as the heat
transfer fluid at or above 300 K; methanol was used below 300 K. The bath
temperature was monitored by a thermistor and maintained with a PID
controller to within 3 mK of the set point.

2.3. Measurement Procedures

At each temperature and pressure, the complex frequency response of
the resonator was measured at 22 uniformly spaced frequencies spanning
+2g about the resonance frequency f, of the Helmholtz mode. At each of
the 22 frequencies, a sinusoidal signal was generated by a frequency
synthesizer and amplified to drive the source transducer. Two lock-in
amplifiers were used to measure the complex voltages at the source and at

“In order to describe materials and experimental procedures adequately, it is occasionally
necessary to identify commercial products by manufacturer’s name or label. In no instance
does such identification imply endorsement by the National Institute of Standards and
Technology, nor does it imply that the particular product or equipment is necessarily the
best available for the purpose.
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the detector. At each frequency, the complex voltage ratio W(f) was
computed and stored as primary data. Noise in the vicinity of the odd
harmonics of the power-line frequency (60 Hz) was avoided by omitting
measurements within +2 Hz of these frequencies.

The source transducer was driven at voltages between 5 and 170 V,,
(volts peak-to-peak). We selected the drive voltage using the procedure of
Wilhelm et al. [5] to ensure that the transducers, the electronics, and the
acoustic flow were all operating in linear regimes. At the highest pressure,
the drive voltage was increased until the onset of nonlinearity was detected
by an apparent decrease in the Q, as determined by fitting the acoustic
model to the detected voltage-vs-frequency data. The voltage was reduced
~25% below that where the nonlinear behavior was observed. As the
pressure on the isotherm was reduced, the voltage was increased in pro-
portion to p~'%, thereby, keeping the Reynolds number Re approximately
constant. (In steady flow in a circular pipe, the condition Re < 2300 is
usually sufficient to ensure laminar flow; however, this condition can be
significantly relaxed for oscillating flows [8].)

Typical voltages at the detector ranged from 10 to 40 pV,,. The lock-in
amplifier was programmed to measure the real and imaginary voltage
components approximately 400 times during 8 s and to return the mean
values and their standard deviations. After each frequency change, the lock-
in amplifier was allowed to settle for a time that depended on the filter set-
tings. With a time constant set at 0.3 s and a filter slope of 24 dB/octave,
a delay of 4.5 s was used. At each frequency, the complex voltage ratio
W( f) was measured twice, once as the frequencies were scanned upward
and again as they were scanned downward, resulting in 44 values of W ( f).
Scanning up and down through the resonance provides redundant data
that were used to check their reproducibility. Averaging the up and down
data greatly reduces the effects of small temperature drifts.

Each data file contained measurements of the temperature and pres-
sure made just before and just after the scans through the resonance as well
as the 44 values of W( f). Each data file was analyzed with the model dis-
cussed in the next section to calculate the viscosity and speed of sound.

On each isotherm, the resonator was manually loaded with the test gas
to the highest pressure while the argon pressure in the surrounding vessel
was adjusted continuously to balance the DPG. After the resonator was
loaded, the apparatus was operated completely under computer control.
Whenever gas was added to or removed from the resonator, adiabatic
heating or cooling produced a temperature difference between the resona-
tor and the stirred liquid bath that took approximately 30 minutes to
subside to a few millikelvin. Three independent measurements of the
frequency response of the resonator were made at each temperature and
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pressure, and the data were stored in three files. The independent files
were used to estimate the repeatability of the #(7, p) results. After the
measurements at each pressure were completed, the pressure was reduced
by opening and closing valves under computer control and the equilibra-
tion and measurement cycles were repeated.

3. RESONATOR MODEL

We analyzed our W( f') data using the acoustic response function for
the Greenspan viscometer derived by Gillis et al. [4]. Their detailed acous-
tic model accounts for: (1) viscous boundary losses in the duct, (2) the
effects of the convergent-divergent flows at each end of the duct, (3) thermal
losses at the gas-resonator boundary, and (4) attenuation of sound
throughout the volume of the gas (such as the attenuation caused by
translation-vibration relaxation or by density fluctuations near the critical
point). Each of these mechanisms contributes to W(f) and must be
included in the model in order to determine the viscosity accurately. Here,
we provide approximate expressions for the frequency response; the full
expressions are found in Ref. 4.

When the dissipation is small, e.g., at high pressures or high frequen-
cies, the frequency response is Lorentzian [Eq. (1)] and characterized by
the inverse quality factor Q~' = 2g/f,. Approximately, Q! is the sum of
three terms

LUVLENE N
070,70 0

where Q, ' and Q, ' are the contributions from viscosity and thermal con-
duction at the resonator wall, respectively, and Q,' is the “bulk’ contri-
bution from attenuation throughout the gas-filled volume.

In the low dissipation approximation, the energy loss due to viscosity

(€)

is

L _ 9 Lat2ers @
0, rqe Lgt+26

where 6, = [n/(nfp)]'/? is the characteristic distance from the duct wall
over which the dissipation occurs. The ratio on the far right of Eq. (4) is
approximately 1.04. It accounts for the converging-diverging acoustic flow
near both ends of the duct. In the numerator, the geometry-dependent
parameter €, accounts for additional dissipation just inside and just outside
the ends of the duct. The value of €, is sensitive to the detailed shape of the
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duct’s ends [9, 10]. These details were not measured accurately; instead,
€, was fit to the helium data (Section 4). In the denominator, the geometry-
dependent parameter J; ~ 0.655 r; accounts for the kinetic energy of the
converging-diverging flow.

The contribution to Q! resulting from the oscillatory heat conduction
between the test gas and the chambers’ walls is approximately

1 _(=134s.
0. S Wl+z)

Here, d, ~ [A1/(nfpC,)]"/* is the exponential decay length for the
acoustic temperature difference between the gas and the chamber wall;
A is the thermal conductivity; S, is the surface area of one chamber;
and V, is the volume of one chamber. In Eq. (5), the parameter y, ~
[(PCy M) gas / (PCoyA)sotia] 1/2 accounts for the penetration of the acoustic tem-
perature oscillations into the solid walls of the resonator. In this work,
x. was always less than 0.01. We included y, in the full data analysis;
however, we ignore it in the present discussion. The dissipation from heat
conduction can be expressed as a correction Az, to the approximate viscos-
ity # given by Eq. (2). Neglecting the end corrections, the fractional correc-
tion Ax, /7 is

g, 207 (=1 Sery (=D
— & — ~— ~ —(0.44) ——. 6

The ratio Q,/Q, depends upon the geometry of the particular resonator
[S.rs/(2V,) ~0.22] and the combination of properties (y—1)/./Pr of the

test gas. The quantity (y—1)/ \/ITr must be estimated to interpret the data
from the Greenspan viscometer, and the uncertainty of the estimate con-
tributes to the uncertainty of the viscosity, as discussed in Section 5.

Dissipation throughout the volume of the test gas is usually negligible.
When it is not, the dissipation throughout the volume can be described by
the “bulk™ viscosity #,, which is sometimes called the volume viscosity,
dilational viscosity, or second viscosity. Approximately, the contribution of
the bulk viscosity to Q' is

(©)

1 oy
Q, pc?
and the correction to the apparent viscosity is

4 20;" 12 ( Dyt \ 2
Mo B (2) () ®)
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where the inverse length k, = 2nf,/c ~ 5.8 m~'. The bulk viscosity cannot
be neglected very near the liquid-vapor critical point of any gas, nor can it
be neglected at low densities for certain polyatomic gases (e.g, CH,, CO,,
Cl,). These polyatomic gases have symmetries such that many intermole-
cular collisions are required for their internal degrees of freedom to equili-
brate with their translational degrees of freedom. Often, this equilibration
is dominated by binary collisions and it can be characterized by a single
relaxation time 7, such that 7, oc p~!. Under these conditions, the bulk
viscosity is approximately [4]

C, T
— _ 1 2 “rel rel 9
m=(—1) pc C, T+ (wr)’ ®

where C,, is the heat capacity of the slowly relaxing vibrational degrees of
freedom. In this work, the largest value of Q,/Q, was 0.0014 (methane at
T=293.15K and p=120kPa). Thus, even in the worst case, the bulk vis-
cosity correction to the apparent viscosity was less than 0.3%.

4. CALIBRATION

4.1. Viscosity

Figure 2 shows the significant improvement obtained by calibrating
the present Greenspan viscometer with helium at 298.15 K and at pressures
from 0.6 to 3.3 MPa. (Below, we show that the same calibration yielded
satisfactory results with other gases.) For the calibration, we measured the
frequency response W( 1) of the helium-filled viscometer and we analyzed
the data using the full theoretical model to obtain values for both the vis-
cosity and the speed of sound. The analysis required a value for the
parameter ¢, that characterizes the dissipation in the divergent acoustic
flow at the ends of the duct. For a duct with right-angled ends, numerical
modeling predicts &, = &, —0.348(3, /ry)/*+1.15(3, /ry) with &,=0.987.
As described in Ref. 4, ¢,, was increased to ¢, =1.03 to better fit reference
data for the viscosity of helium. For reference data, we used ab inito values
for the zero-density viscosity (0.06% uncertainty) and the zero-density
thermal conductivity [6]. We also used the ab inito values for the second
virial coefficient to calculate p, C,, and c at each temperature and pressure.
We took the density dependence of the viscosity and the thermal conduc-
tivity from Kestin and Leidenfrost [11] and from Kestin et al. [ 7], respec-
tively. We included the small contribution to the equation of state from the
third virial coefficient C(T'), taken from a fit to experimental results [ 12].
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At helium pressures below 0.6 MPa, the Q was less than 20 and we did
not trust the fits to W(f) because the fits with C =0 and C # 0 yielded
viscosities that differed by 1% or more. Thus, data with p < 0.6 MPa were
not used for the calibration.

4.2. Speed of Sound

The present Greenspan viscometer was not designed to determine
accurately the speed of sound in test gases. However, after a simple cali-
bration, the deviations of ¢ from reference values were less than +0.04%
for all five reference gases studied. We had hoped to determine ¢ from the
dimensions of the resonator that we measured prior to assembling it.
However, as described in Ref. 4, adjusting the parameter ¢ from the value
g =0.86 calculated in Ref. 10 to the value & =0.96 improved the fit to the
speed-of-sound data, particularly for helium at low densities. The param-
eter ¢ accounts for the kinetic energy of the divergent flow at the duct’s
ends, and its value is sensitive to hard-to-measure details of the duct’s end.
We emphasize that the adjustment of ¢ had a negligible effect on the vis-
cosity. The thermal expansion of 316 stainless steel (1.7 x 10> K~') was
used to adjust the dimensions of the resonator from the values measured at
20°C.

After calibration, the fractional deviations of the present speed of
sound from reference data were less than 0.04% [Figs. 3b and 5b]. For
helium, argon, and nitrogen, the deviations have a remarkably simple pressure
dependence: (Cexperiment / Creference) — 1 & —107°p/MPa. [4] This dependence
may be a consequence of the finite compliance of the resonator, which is
not included in our model. The deviations for SF,; have a complex pressure
dependence. In part, this may reflect the difficulties of making accurate
equation-of-state and speed-of-sound measurements near the saturated
vapor pressure. If not accounted for, precondensation will reduce the
apparent speed of sound and increase the dissipation of energy because of
increased oscillatory heat transfer at the gas-solid boundary [13].

5. UNCERTAINTIES

The kinematic viscosity 7/p was determined by fitting the W( f) data
by the model for the viscometer (Eq. (36) of Ref. 4). The model requires, as
inputs: the dimensions of the resonator and certain properties of the test
gas (y, 4/C,, and, in a few cases, the bulk viscosity, #,) at the experimental
temperature and pressure. The free parameters in the fit are the kinematic
viscosity 7/ p, the speed of sound ¢, a complex amplitude 4, and either one
or two complex constants representing the complex background B+Cf.
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The model was fit to the W( f) data with weights determined by the stan-
dard deviations of the measured signal at each frequency; however, the
uncertainties of #/p and ¢ are much larger than those determined by the
fitting program. To discuss the uncertainties, we group them by their four
sources: (1) the instruments, (2) imperfections of the model of the resona-

tor, (3) estimates of (y—l)/\/l7r of the test gas, and (4) minor con-
tributions from the dimensional measurements and from other gas proper-
ties including the density p, which is required if # is to be determined
from 5/ p.

The estimated uncertainty in the measured temperature with the SPRT
is 10 mK. The estimated uncertainty in pressure measurements is typically
less than 0.2 kPa. For each gas in the range studied, the viscosity #(7, p)
depended only weakly on temperature and pressure. Thus, the imperfect
specification of the state of the gas had a negligible effect on the results. At
low pressures, the relative uncertainty of the pressure is 200 Pa/p. This
pressure uncertainty propagates into a density uncertainty via the equation
of state and then into a marginally significant viscosity uncertainty via
Eq. (2). )

The measurement of the voltage ratio W ( f) leads to uncertainties that
increase as the pressure is reduced. With decreasing pressure, the detected
signal decreases and the Helmholtz mode is spread over a wider frequency
range (Q oc p'/%, unless the bulk dissipation is significant) and the fitted
viscosity becomes increasingly sensitive to phenomena that are not included
in the model. These include: (1) other resonances, (2) frequency depen-
dences of the transducers and the electronics, and (3) possible crosstalk
between the transducers. The background terms in the fitting function
[B+Cf in Eq. (1)] compensate for linear frequency dependences of the
transducers, crosstalk, etc.; however, more complicated frequency depen-
dences will yield systematic errors in the fitted viscosity. Typically, we
rejected data when the fitted viscosity changed by more than 1% upon
deleting the constant C from the fitting function. Usually this occurred
when Q < 30.

The viscometer was calibrated using the viscosity of helium as deter-
mined by ab initio calculations [6]. If we had calibrated the viscometer
using the viscosity of argon from Ref. [14], the viscosity results reported
here would be essentially unchanged at zero density, and they would be
reduced by approximately 0.3% at the highest densities.

Equation (6) implies that the viscosity deduced from the Greenspan
viscometer will have an uncertainty contribution from estimating the ratio

(y—1)//Pr for the test gas. For all the gases we have studied, (y—1) is
well known, often from speed-of-sound measurements. However, the ratio
A/C,, which appears in the Prandtl number, does contribute to the
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uncertainty of the viscosity. Often, C, is also well known from speed-of-
sound measurements; in such cases, we are still concerned with the uncer-
tainty of the thermal conductivity. We provide three examples of the effects
of a 2% uncertainty of the thermal conductivity (41/4 = 0.02). For helium
or argon at low density, 41/4=0.02 leads to a 0.36% uncertainty of the
viscosity. For CF,, 41/ 4 = 0.02 leads to uncertainties from 0.07 % to 0.62% of
the viscosity, and the largest value occurs at the highest density (2746 mol-m ™,
225K, 3.1 MPa). Finally, for C,F, 41/1=0.02 leads to uncertainties from
0.04 to 0.22% of the viscosity. We note that one can design a Greenspan
viscometer that is less sensitive to the thermal conductivity of the test gas
by reducing S.ry/(2V,). However, such an instrument would be less
compact and/or have a more complicated structure and/or operate with a
smaller Q.

Because we calibrated the viscometer with helium at 298 K, the results
for other gases and at other temperatures are very insensitive to the
dimensional measurements. Additional uncertainties result from calculating
the gas density and the heat capacity C, from equations of state. For each
gas, we specify the equation of state used in the analysis. If a better equa-
tion of state becomes available, the viscosity can be recalculated. The
purity (as specified by the supplier) of all test gases studied was 0.9999 or
higher by mole fraction. The viscosity of gases is insensitive to impurities;
however, the measured speed of sound is not. The tabulated speeds of
sound agree with values from the literature within 0.04%. This indicates
that the gases were not significantly contaminated.

Tables II to VIII include the uncertainty of each viscosity measure-
ment. The tabulated uncertainty includes contributions from the known
experimental uncertainties: temperature, pressure, density, heat capacity,
thermal conductivity, the quality of the fit of W( 1), and the scatter among
at least three redundant measurements at each temperature and pressure.
The uncertainties in density, heat capacity, and thermal conductivity were
taken directly from the literature. Each property was changed within its
estimated uncertainty, and the viscosity was re-calculated with the full
model to determine how the uncertainty propagated into the viscosity. The
absolute values of these contributions were added to the contribution from
the fit of W( f) and the scatter among the redundant measurements. Thus,
the tabulated uncertainties are conservative; however, they necessarily rely
on uncertainties from the literature.

6. RESULTS

To assess the performance of our viscometer, five reference gases were
studied. The viscosities of Ar, N,, CH,, C,H,, and SF, were measured near
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room temperature. The viscosity of argon was then measured on three
other isotherms up to 373.15K to search for temperature-dependent
problems. None was found; however, the signal at the detector transducer
decreased noticeably at the highest temperature. After the viscometer’s
performance was tested, the viscosities of CF, and C,F; were measured
throughout the accessible temperature and pressure ranges.

The viscosity data were acquired along isotherms and then fit by the
polynomial function of density:

(T, p) =no(T)[1+B,(T) p(T, p)+C,(T) p*(T, p)] (10)

The resulting values of the zero-density viscosity #, and the second and
third viscosity virial coefficients, B, and C,, are listed in Table I. For

Table 1. Coefficients for Eq. (10)

T 7o(T) B/(T) C,(T)

Gas (K) (pPa-s) (cm?-mol™") (cm®-kmol )2
Ar 293.15 22.31 229 2.0
Ar 298.15 22.61 242 1.1
Ar 333.15 24.78 24.0

Ar 348.15 25.67 239

Ar 373.15 27.13 23.0

CH, 293.15 10.92 21.7 7.9
N, 298.15 17.77 14.0 5.1
C;H, 298.15 8.10 —12.1 67.2
SF, 298.15 15.27 -5.0 76.4
CF, 210 12.65 4.5 43.8
CF, 225 13.45 20.7 29.1
CF, 250 14.74 36.0 19.5
CF, 275 16.06 32.6 21.4
CF, 300 17.31 35.8 18.5
CF, 325 18.54 34.9 20.8
CF, 350 19.73 34.1 17.7
CF, 375 20.90 30.0 19.6
C,F, 25 10.84 ~13

C,F, 250 11.92 _32 79.7
C,F 275 12.98 30.2 54.4
C,F, 300 14.03 41.4 57.8
C,F 325 15.08 44.7 58.5
C,F 350 16.09 51.8 52.9

C,F 375 16.97 72.8 41.1
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Ar, CF,, and C,F;, we acquired data on several isotherms; for these gases,
we provide a polynomial representation of the zero-density values #,(7").

6.1. Argon

The viscosity of argon was measured along five isotherms spanning the
temperatures 293.15 to 373.15K at pressures up to 3.3 MPa. The results
are listed in Table II. The equation of state of Estrada-Alexanders and
Trusler [15] was used to calculate the density and C, at each temperature
and pressure. They estimate the uncertainty of their equation of state to be
0.025% for density and 0.1% for C,. Thermal conductivities were taken
from Sun et al. [16] who claims an uncertainty of 1%. Figure 3a shows the
deviations of the present viscosities from a fit to the viscosities of Wilhelm
and Vogel [14] who used a vibrating wire viscometer. Also shown in
Fig. 3a are the viscosities measured by Evers et al. [17] who used a rotat-
ing cylinder viscometer. The three sets of measurements are consistent
within +0.5% over the entire range of densities. At the lowest densities, the
deviations of our measurements drop more sharply. In this region we
suspect that the model for the Greenspan viscometer is beginning to fail as
the Q decreases.

To display deviations, we represent our five values of #, by the poly-
nomial,

70(T)/1Pa-s = 0.545+8.415x 1072 (T /K) —3.73 x 105 (T /K)>
(293.15K < T <373.15K) (11)

with a fractional standard deviation of 0.0001. Figure 4a compares the
present values of 7, to Eq. (11) and to previously reported values. Figure 4b
expands Fig. 4a using Eq. (11) as the baseline. Our values of #, are within
0.1% of the values determined by Wilhelm and Vogel [14], Evers
et al. [17], Vogel [18], and Bich et al. [ 19]. Quantitatively, the fractional
differences [(this work)/(literature)—1] are: —0.0005 at 298.15K and
0.0003 at 348.15K for Wilhelm and Vogel [14]; —0.0003 at 293.15K,
—0.0001 at 333.15K, and 0.0001 at 373.15K for Evers et al. [17]; and
—0.0013 at 298.15 K and —0.0003 at 348.15 K for Vogel [18]. The data in
Fig. 4 were obtained using diverse methods. We used a Greenspan vis-
cometer; Wilhelm and Vogel [14] used a vibrating wire, Evers et al. [17]
used a rotating cylinder, and Vogel [18] used an oscillating disk.
Remarkably, the four independent methods yield values of #, that agree
within their experimental uncertainties. This provides great confidence in
the accuracy of the techniques and the reported values for 7,.
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Table II. Viscosity () and Speed-of-Sound (c) Measurements in Argon*
p ¢ U p ¢ Y

(kPa) (m-s™) (uPa-s) (kPa) (m-s™) (uPa-s)

T=29315K
3300.4 321.92 23.1140.08 1552.8 320.07 22.66+0.07
3126.5 321.68 23.05+0.07 1427.3 319.96 22.6410.06
2962.6 321.50 23.02+0.08 1292.1 319.84 22.60+0.06
2810.2 321.33 22.9740.08 1170.0 319.77 22.5740.06
2664.0 321.17 22.93+0.07 1040.0 319.64 22.5440.05
2525.0 321.02 22.90+0.07 910.0 319.53 22.5140.05
2392.9 320.88 22.8740.08 782.8 319.43 22.48+0.05
2267.5 320.75 22.82+0.06 661.9 319.34 22.4540.06
2110.4 320.60 22.79+0.06 541.0 319.25 22.42+0.06
1963.8 320.45 22.7540.07 4227 319.17 22.40+0.06
1827.1 320.32 22.72+0.07 307.4 319.09 22.3640.08
1699.8 320.21 22.69+0.06

T=298.15K
3316.2 324.82 23.4240.06 1471.1 322.81 22.9440.06
3142.1 324.60 23.36+0.06 1602.9 322.93 22.9940.06
2976.7 324.40 23.32+0.06 1352.7 322.70 22.92+0.06
2819.5 324.22 23.2840.06 1222.8 322.58 22.8940.06
2670.5 324.05 23.24+0.07 1105.0 322.47 22.8740.06
2529.0 323.89 23.21+0.07 981.9 322.36 22.85+0.06
2394.9 323.74 23.184+0.06 857.6 322.26 22.8240.06
2267.8 323.61 23.14+0.07 735.2 322.16 22.7940.06
2147.3 323.48 23.11+0.06 614.3 322.06 22.76+0.06
1996.3 323.32 23.07+0.06 503.1 321.97 22.7440.07
1855.7 323.18 23.04+0.06 382.3 321.88 22.7040.06
1724.7 323.05 23.00+0.06 253.7 321.79 22.64+0.07

T =333.15K
3374.5 344.32 25.52+0.07 1492.3 341.73 25.1010.06
3243.3 344.11 25.49+0.07 1387.6 341.60 25.0840.06
3116.8 343.93 25.46+0.06 1289.7 341.49 25.06+0.06
2995.1 343.75 25.43+0.07 1176.7 341.35 25.0310.07
2878.1 343.59 25.41+0.07 1073.6 341.22 25.0240.06
2765.6 343.43 25.3840.07 961.6 341.09 24.99+0.06
2657.4 343.28 25.36+0.06 861.3 340.97 24.98+0.06
2553.4 343.14 25.34+0.07 757.1 340.85 24.95+0.06
2453.4 343.00 25.304+0.06 653.5 340.73 24.93+0.07
2310.5 342.80 25.29+0.07 553.6 340.61 24.9010.06
2175.9 342.61 25.24+0.06 451.9 340.50 24.89+0.06
2049.0 342.45 25.234+0.06 451.9 340.50 24.89+0.06
1929.4 342.29 25.20+0.06 349.1 340.38 24.854+0.07
1816.6 342.15 25.17+0.07 120.0 340.14 24.8040.07
1710.4 342.01 25.154+0.06 349.1 340.38 24.85+0.07
1610.2 341.89 25.13+0.07 120.0 340.14 24.8010.07
1492.3 341.73 25.10+0.06
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Table II. (Continued)

p ¢ n p ¢ n
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)
T =348.15K
3340.3 352.15 26.394+0.07 1760.7 349.79 26.04 +0.06
3205.1 351.92 26.36+0.07 1620.5 349.60 26.02+0.06
3075.7 351.72 26.32+0.06 1496.3 349.43 26.00+0.06
2951.6 351.53 26.30+0.07 1364.2 349.25 25.96+0.06
2774.7 351.27 26.26 +0.07 1241.8 349.08 25.93+0.06
2608.2 351.02 26.234+0.06 1109.2 348.91 25.91+0.06
2451.7 350.79 26.18+0.07 990.4 348.75 25.89+0.06
2304.4 350.57 26.17+0.07 867.8 348.58 25.85+0.07
2165.8 350.37 26.12+0.06 746.1 348.43 25.83+0.07
2035.4 350.18 26.10+0.07 617.4 348.26 25.79+0.07
1912.8 350.01 26.07+0.07
T=373.15K

3335.8 364.84 27.80+0.07 1628.8 362.10 27.46 +0.07
3194.6 364.61 27.784+0.07 1498.0 361.91 27.44+0.07
3059.1 364.38 27.7440.07 1359.3 361.70 27.40+0.07
2929.1 364.16 27.734+0.07 1232.0 361.51 27.38+0.07
2804.7 363.95 27.68+0.07 1094.9 361.31 27.354£0.07
2628.1 363.66 27.67+0.07 972.9 361.13 27.32+0.07
2462.5 363.39 27.63+0.07 847.4 360.95 27.31+£0.07
2307.2 363.15 27.60+0.07 723.6 360.78 27.28+0.08
2161.6 362.92 27.56+0.07 605.6 360.61 27.25+0.08
2025.0 362.71 27.554+0.07 487.2 360.45 27.23+0.07
1897.0 362.51 27.514+0.07 369.3 360.29 27.19+0.08
17771 362.33 27.49+0.07

¢ p calculated from Ref. 15.

Figure 3b shows the relative deviations of measured speeds of sound.
The Greenspan viscometer was not designed to measure the speed of
sound. However, this quantity is a good indicator of the quality of the
measurements and the purity of the sample gas.

6.2. Methane

The viscosity of methane was measured along the 293.15 K isotherm at
pressures up to 3.3 MPa. The results are presented in Table III. The equa-
tion of state of Trusler and Zarari [20] was used to calculate the density
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Fig. 3. (a) Fractional deviations of measured viscosities of argon from those of
Wilhelm and Vogel [14] as a function of density. Included in the figure are the devia-
tions of the measurements of Evers et al. [17] at 293.15, 333.15, and 373.15K. (b)
Fractional deviations of the speed of sound in argon from Estrada-Alexanders and
Trusler [15].

and C, from the measured temperature and pressure with a claimed uncer-
tainty of 0.02% for density and 0.1% for C,. Reference 20 also provided
the relaxation times required to calculate the bulk viscosity corrections.
Thermal conductivities were taken from Younglove and Ely [21] who
report an uncertainty of 4%. The isotherm was fit by Eq. (10), and the
resulting parameters are listed in Table I. Figure 5a shows that the
measured viscosities reproduce the reference values of Vogel et al. [22] to
better than 0.2% over all densities. Our zero-density viscosities for methane
differ fractionally by 0.0007 from the data of Vogel et al. [22] and by
—0.0027 from those of Evers et al. [17]. Figure 5b shows that the
measured speeds of sound agree with reference data to within 0.01%.
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Fig. 4. (a) Zero-density viscosities of argon. The present results (@) are the zero-
density intercepts from the fits of Eq. (10) to the isotherms. The solid line is
Eq. (11). Also shown are the values of (O) Wilhelm and Vogel [14], (O) Evers
et al. [17], (A) Vogel [18], and (—--) Bich et al. [19]. (b) Fractional deviations
from Eq. (11) of the data from the upper figure.
6.3. Propane

The viscosity of propane was measured along the 298.15 K isotherm at
pressures up to 830 kPa. The results are listed in Table IV. The equation of
state of Span and Wagner [23] was used to calculate density and C, from
the measured temperature and pressure with an uncertainty of 0.02% in
density and 0.1% for C,. Thermal conductivities were taken from Marsh
et al. [24] who claim an uncertainty of 2%. The isotherm was fit by
Eq. (10), and the resulting parameters are listed in Table 1. Figure 5a shows
that the measured viscosities agree with the values of Wilhelm and Vogel
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Table III. Viscosity () and Speed-of-Sound (¢) Measurements in Methane“

p ¢ n p ¢ n
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)
T=293.15K

3324.0 435.61 11.44+0.06 1633.7 440.02 11.12+0.02
3166.9 436.00 11.414+0.06 1494.6 440.44 11.10+0.05
3009.4 436.36 11.37+£0.05 1366.9 440.83 11.08 +£0.05
2862.1 436.71 11.34+0.05 1227.6 441.26 11.06+0.05
2718.5 437.06 11.314+0.05 1102.0 441.66 11.04+0.05
2580.7 437.40 11.29+0.05 971.3 442.08 11.02+0.04
2449.5 437.74 11.26+0.05 840.3 442.50 11.01+0.04
2324.6 438.07 11.24+0.05 713.6 442.93 10.99 +0.05
2167.3 438.50 11.21+£0.05 583.9 443.36 10.98 £ 0.04
2020.1 438.91 11.18+0.05 460.4 443.79 10.97+0.05
1882.5 439.30 11.16+0.02 337.0 444.22 10.95+0.04
1753.9 439.67 11.144+0.02 216.6 444.65 10.93+0.05
1633.7 440.02 11.12+0.02 118.2 445.04 10.92+0.05

“ p calculated from Ref. 20.

[14] to within 0.5%, with the zero-density viscosity differing fractionally
by 0.0047. Figure 5b shows the deviations of the speed of sound are less
than 0.02%.

6.4. Nitrogen

The viscosity of nitrogen was measured along the 298.15 K isotherm at
pressures up to 3.3 MPa. The results are listed in Table V. The equation of
state of Span et al. [25] was used to calculate density and C, from the
measured temperature and pressure, with a claimed uncertainty of 0.02% in
density and 0.01% in C,. Thermal conductivities were taken from Perkins
et al. [26] who report an uncertainty of 1%. Speeds of sound were taken
from Estela-Uribe and Trusler [27]. The vibration relaxation time for 7,
came from Zuckerwar and Griffin [28]. The isotherm was fit by Eq. (10),
and the resulting parameters are listed in Table I. Figure 5a shows the
measured viscosities reproduce the reference values of Vogel [18], using
the density dependence of Kestin et al. [29], to within 0.2% at all densities,
and differing fractionally by 0.0008 at zero density. Figure 5b shows the
measured sound speeds agree to 0.02%. In the worst case, the bulk viscos-
ity correction was only 0.0015%.



1462

Hurly, Gillis, Mehl, and Moldover

= o5}
+
k] ettt 4
o~ +++++++++ s+
= ¥y
e 0.0 V"'"v veV L
< °°A"'8§°v 6
- 4 <9°§° B3RP0 E o o
§ 05k D nnnu 00
! O SFg ¢ CHg |
- (b) un" v He ®m CyFg
' 10 un® + Ar o CjHg
"é "
Q 5k
\D.
3
L)
«
(=}
-
i [l
0 500 1000 1500
Density, molem™

Fig. 5. Fractional deviations of measured viscosities and speeds of sound for T

near 300 K from reference values as discussed in Section 6.

Table IV. Viscosity (1) and Speed-of-Sound (c) Measurements in Propane*

p ¢ n p ¢ n
(kPa) (m-s7) (pPa-s) (kPa) (m-s7h) (uPa-s)
T=298.15K

830.9 221.29 8.154+0.02 353.8 240.19 8.0940.02
750.4 224.81 8.124+0.02 277.3 242.83 8.104+0.02
674.3 228.02 8.114+0.02 201.5 245.37 8.104+0.02
594.2 231.26 8.104+0.02 126.1 247.82 8.08+0.02
513.2 234.39 8.104+0.02 99.4 248.68 8.0940.02
434.3 237.32 8.10+0.02

¢ p calculated from Ref. 23.
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Table V. Viscosity (1) and Speed-of-Sound (c) Measurements in Nitrogen

p ¢ n p ¢ n
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)
T=298.15K

3278.3 357.99 18.25+0.03 1709.4 354.78 17.99+0.03
3158.9 357.70 18.24+0.03 1586.4 354.55 17.96+0.03
2988.3 357.32 18.20+0.03 1444.9 354.30 17.95+0.03
2826.8 356.98 18.17+0.03 1315.9 354.07 17.92+0.03
2673.8 356.66 18.14+0.03 1176.2 353.83 17.91+0.03
2528.1 356.39 18.12+0.03 1051.1 353.61 17.89+0.03
2390.7 356.10 18.09+0.03 921.7 353.40 17.87+0.03
2260.8 355.84 18.07+0.03 793.2 353.19 17.86+0.03
2138.0 355.59 18.05+0.03 669.7 352.99 17.84+0.03
1984.4 355.29 18.02+0.03 544.4 352.79 17.83+0.03
1841.8 355.02 18.00+0.03 418.1 352.60 17.81+0.03
1709.4 354.78 17.99+0.03

¢ p calculated from Ref. 25.

6.5. Sulfur Hexafluoride

The viscosity of sulfur hexafluoride was measured along the isotherm
at 298.15 K at pressures up to 1.55 MPa. The results are listed in Table VI.
The equation of state of Hurly et al. [30] was used to calculate density and
C, from the measured temperature and pressure, with uncertainties of
0.1%. Zero-density thermal conductivities were taken from Zherdev et al.
[31] who report an uncertainty of 3%. The density dependence of the
thermal conductivity was taken from the extended corresponding states
model of McLinden et al. [32], who do not estimate their uncertainty. The
isotherm was fit by Eq. (10), and the resulting parameters are listed in
Table I. As reference data for the viscosity of SF;, we took the results of
Timrot et al. [33] who claim an uncertainty of 0.7%. Our value of 7, is
only 0.5% above the reference value and only 0.24% above the value of #,
from Strehlow and Vogel [34]. Figure 5a shows the deviations from the
reference values.

Figure 5b compares the present speeds of sound with those in Ref. 30.
They agree within 0.03%; however, the abrupt downward trend in the
present data above 500 mol-m™ suggests the onset of precondensation

[13].
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Table VI. Viscosity () and Speed-of-Sound (c) Measurements in SF“

p ¢ n p ¢ n
(kPa) (m-s7h) (pPa-s) (kPa) (m-s7h) (pPa-s)
T=298.15K
1558.1 112.52 15.94+0.07 738.6 126.33 15.37+0.04
1481.7 113.97 15.87+£0.07 660.9 127.46 15.34+0.04
1368.6 116.06 15.75+0.07 590.8 128.47 15.334+0.04
1248.0 118.20 15.64+0.05 527.5 129.36 15.33+0.05
1130.7 120.20 15.55+0.05 444.3 130.50 15.324+0.06
1020.1 122.00 15.494+0.04 373.6 131.46 15.30+0.04
917.8 123.62 15.44+0.04 295.9 132.50 15.254+0.06
824.0 125.06 15.394+0.04

“ p calculated from Ref. 30.

6.6. Carbon Tetrafluoride

The viscosity of carbon tetrafluoride was measured along eight
isotherms between 210 and 375 K, at pressures up to 3.3 MPa. Table VII
lists the results. The equation of state of Hurly [1] was used to calculate
the density and C, from the measured temperature and pressure with
uncertainties of 0.1%. Thermal conductivities were taken from Uribe et al.
[35] who claim an uncertainty of 2%, with the density dependence taken
from Ref. 32. Each isotherm was fit by Eq. (10), and the results are listed in
Table I. To display deviations, we represent our eight values of 7, for CF,
by the polynomial,

7o(T)/uPa-s=0.309+6.358 x 1072 (T /K ) —2.31 x 10~ (T /K )?
(210K <T <373K) (12)

with a fractional standard deviation of 0.0004. Figure 6a shows the viscos-
ity as a function of temperature, and Fig. 6b shows the relative deviations
from Eq. (12). Also shown are the previously published measurements of
the viscosity of CF, [36-41, 43]. The scatter in the previously published
values is about 2%, the present values are accurate to within 0.5%, signifi-
cantly reducing the uncertainty in the viscosity of this fluid.

Figure 5b compares the present speed-of-sound data at 300 K with the
speed-of-sound data that one of us (JJH) reported in Ref. 1. Where the
data sets overlap (up to 600 mol-m™), they agree within 0.03%, and
similar agreement was obtained on the other isotherms. However, signifi-
cant differences exist between the present results and those obtained by
extrapolating the virial equation of state from Ref. 1 to higher densities. At
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Table VII. Viscosity (1) and Speed-of-Sound (c) Measurements in SF,“
p ¢ n p ¢ U
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)
T=210K
1319.1 136.15 13.164+0.10 615.7 146.88 12.76 +0.07
1241.2 137.45 13.12+0.09 537.3 147.95 12.734+0.06
1159.9 138.77 13.0540.09 468.2 148.87 12.72+0.06
1075.0 140.12 12.98+0.09 388.8 149.92 12.7140.07
992.1 141.42 12.89+0.08 307.4 150.98 12.69 +0.06
912.9 142.63 12.8740.08 231.2 151.95 12.6740.07
838.3 143.72 12.84+0.07 157.6 152.87 12.65+0.06
768.6 144.72 12.8040.07 124.0 153.29 12.65+0.15
704.0 145.65 12.79+0.07
T=225K
2316.5 131.07 15.05+0.31 988.9 148.80 13.73+0.08
2218.6 132.61 14.924+0.29 901.3 149.80 13.70+0.09
2088.1 134.56 14.67+0.19 820.5 150.72 13.66+0.08
1947.4 136.59 14.514+0.23 711.2 151.94 13.6210.08
1806.1 138.55 14.35+0.19 6154 152.98 13.58+0.07
1668.7 140.40 14.21+0.15 531.6 153.89 13.57+0.07
1537.3 142.11 14.13+0.14 436.4 154.91 13.5440.07
1412.6 143.70 14.00+0.11 340.2 155.92 13.54+0.07
12954 145.15 13.934+0.10 251.6 156.85 13.5010.07
1185.8 146.48 13.84+0.12 159.7 157.79 13.46+0.06
1083.7 147.69 13.784+0.11 108.1 158.29 13.46+0.06
T=250K
3248.1 140.74 17.114+0.16 1574.1 154.72 15.38+0.08
3122.6 141.77 16.93+0.15 1499.5 155.33 15.3440.10
3029.8 142.56 16.76+0.13 1427.9 155.90 15.2940.08
2927.7 143.42 16.65+0.13 1292.9 156.97 15.2440.08
2820.3 144.33 16.52+0.17 1169.4 157.95 15.154+0.07
2711.1 145.25 16.394+0.14 1057.0 158.84 15.0940.08
2602.0 146.18 16.25+0.11 954.4 159.65 15.05+0.07
2494.3 147.09 16.161+0.14 755.5 161.19 14.97+0.07
2388.8 147.98 16.05+0.12 667.7 161.87 14.94+0.07
2286.3 148.84 15.96+0.10 596.4 162.42 14.9110.06
2186.1 149.68 15.88+0.11 507.1 163.10 14.8940.07
2089.2 150.49 15.78 £0.10 431.9 163.67 14.88+0.07
1995.3 151.27 15.714+0.10 353.9 164.27 14.86+0.06
1904.4 152.02 15.64+0.11 265.0 164.94 14.854+0.07
1817.4 152.73 15.56+0.10 183.3 165.56 14.79+0.07
1733.0 153.43 15.53+£0.10 112.8 166.09 14.7740.07
1652.2 154.09 15.43+0.08 106.8 166.14 14.76 +0.08
1574.1 154.72 15.3840.08
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Table VII. (Continued)

P c n P c 1
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)

T=275K
3144.3 157.16 17.84+0.12 669.2 170.41 16.24+0.07
2907.1 158.29 17.59+0.11 557.7 171.03 16.20+0.06
2684.4 159.44 17.41+£0.09 464.2 171.55 16.19+0.06
2475.2 160.54 17.24+0.10 352.4 172.18 16.17+£0.06
2280.4 161.57 17.09+0.11 243.9 172.79 16.14+0.07
2098.8 162.55 16.96 +0.08 140.6 173.36 16.08 +£0.07
1929.7 163.46 16.86+0.08 106.5 173.56 16.08 +0.08
1772.8 164.32 16.75+0.09 667.7 161.87 14.94+0.07
1627.3 165.11 16.68 +£0.08 596.4 162.42 14.91+£0.06
1492.6 165.85 16.59+0.08 507.1 163.10 14.89+0.07
1368.1 166.54 16.54+0.07 431.9 163.67 14.88 +0.07
1253.2 167.17 16.47+0.07 353.9 164.27 14.86+0.06
1147.3 167.76 16.43+0.07 265.0 164.94 14.85+0.07
1049.8 168.30 16.39+0.07 183.3 165.56 14.79+0.07

960.1 168.80 16.34+0.07 112.8 166.09 14.77+0.07
802.2 169.67 16.29+0.07 106.8 166.14 14.76 £0.08

T=300K
3145.5 169.23 18.82+0.10 1370.6 175.54 17.77+0.07
2961.5 169.79 18.70 £ 0.09 1218.9 176.13 17.70+0.07
2833.8 170.22 18.60+0.09 1083.5 176.66 17.65+0.07
2698.5 170.67 18.52+0.09 962.5 177.14 17.61+0.07
2561.9 171.14 18.43+0.08 805.4 177.77 17.54+0.07
2427.7 171.61 18.34+0.09 673.4 178.30 17.51+0.07
2297.5 172.07 18.26 +£0.08 542.9 178.83 17.47+0.07
2172.2 172.52 18.194+0.08 406.1 179.39 17.45+0.06
1939.2 173.38 18.05+0.08 283.2 179.90 17.40+0.07
1728.9 174.16 17.94+0.07 197.2 180.26 17.34+0.07
1540.0 174.88 17.85+0.07 144.8 180.47 17.30+0.07
1370.6 175.54 17.77+0.07

T=325K
3359.5 179.06 20.04+0.08 1660.9 182.99 19.10+£0.06
3144.3 179.49 19.89+0.07 1469.3 183.50 19.01+0.06
2996.6 179.80 19.80+0.07 1299.0 183.96 18.94+0.06
2841.5 180.13 19.70+0.07 1148.1 184.38 18.88+0.06
2686.6 180.47 19.62+0.07 1014.1 184.75 18.84+0.06
2535.7 180.82 19.53+0.07 841.3 185.25 18.78 +£0.06
2390.6 181.16 19.46 +0.07 649.3 185.80 18.71+0.07
2251.8 181.49 19.38+0.06 522.2 186.18 18.69+0.07
2120.1 181.81 19.314+0.06 382.7 186.60 18.65+0.08

1877.5 182.44 19.1940.06 246.6 187.01 18.60+0.08
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Table VII. (Continued)
p ¢ n p ¢ U
(kPa) (m-s7h) (puPa-s) (kPa) (m-s7") (uPa-s)
T=350K
3243.5 188.49 21.01+0.15 1440.1 191.28 20.16+0.12
3055.2 188.73 20.91+0.15 1265.8 191.60 20.1040.11
2952.9 188.86 20.8540.15 1112.8 191.89 20.04+0.10
2822.1 189.04 20.794+0.15 977.8 192.16 20.00+0.10
2678.6 189.24 20.714+0.14 858.9 192.40 19.96+0.10
2532.0 189.45 20.64+0.14 754.0 192.61 19.92+0.10
2385.1 189.67 20.56+0.14 662.2 192.80 19.90+0.09
2244.8 189.89 20.51+0.13 544.6 193.05 19.87+0.09
2109.7 190.11 20.44+0.13 4479 193.26 19.86+0.09
1981.3 190.32 20.384+0.12 345.1 193.48 19.84+0.08
1860.0 190.53 20.33+0.12 249.2 193.69 19.8040.08
1745.2 190.73 20.29+0.12 148.5 193.91 19.77+0.09
1637.0 190.92 20.24+0.12 114.8 193.99 19.74+0.10
1535.6 191.10 20.20+0.12 107.4 194.02 19.75+0.09
T=375K

3088.1 197.00 21.98+0.13 1250.6 198.76 21.23+0.10
2867.2 197.14 21.87+0.12 1094.0 198.96 21.174+0.11
2719.3 197.25 21.80+0.11 956.7 199.14 21.1340.07
2565.7 197.38 21.74+0.13 836.4 199.30 21.0940.08
2413.4 197.51 21.66+0.11 731.2 199.45 21.0740.10
2265.8 197.65 21.60+0.11 639.1 199.58 21.04+0.07
2124.7 197.79 21.554+0.11 522.1 199.74 21.0240.07
1990.8 197.92 21.49+0.08 426.6 199.89 21.0040.07
1864.0 198.06 21.45+0.12 326.0 200.04 20.9940.08
1745.1 198.19 21.40+0.11 233.1 200.18 20.9540.13
1633.1 198.31 21.3610.11 137.0 200.33 20.92+0.14
1528.0 198.43 21.324+0.10 112.2 200.38 20.93+0.16
1429.4 198.55 21.2940.10 104.7 200.40 20.93+0.18

¢ p calculated from Ref. 1.

the highest density (2746 mol-m™ at 225K and 2983 kPa), the present
value for the speed of sound is 0.7% lower than the extrapolation. We
believe the present data are more accurate than the extrapolation.

6.7. Hexafluoroethane

The viscosity of hexafluoroethane was measured along eight isotherms
between 225 and 375 K, at pressures up to 3.3 MPa. Table VIII lists the
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Fig. 6. (a) Zero-density viscosities of CF,: (@), Present work; (—), Eq. (12);

(0O), Ref. 36; (A), Ref. 37; (V), Ref. 38; (<), Ref. 39; (O), Ref. 40; (+), Ref. 41;
(---), Ref. 43. (b) Fractional deviations from Eq. (12) of data from the upper

figure.

results. The equation of state of Hurly [1] was used to calculate density
and C, from the measured temperature and pressure, both to 0.1%.
Thermal conductivities were taken from Thodos and Roy [42] who claim
an uncertainty of 2%, with the density dependence taken from Ref 32.
Each isotherm was fit by Eq. (10), and the results are listed in Table I. To
display deviations, we represented our seven values of #, for C,F, by the
polynomial,

7o(T)/puPa-s = —0.483+5.565 x 1072 (T /K) — (2.404 x 10~°) (T /K)?

(225K <T <375K)

(13)
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Table VIII. Viscosity () and Speed-of-Sound (¢) Measurements in C,F¢
4 ¢ n p ¢ n
(kPa) (m-s™) (pPa-s) (kPa) (m-s™) (uPa-s)
T=225K
3523 112.01 10.84+0.05 221.7 116.17 10.84+0.04
330.8 112.75 10.8340.05 201.7 116.77 10.84+0.04
318.1 113.16 10.84+0.04 183.4 117.31 10.85+0.04
305.1 113.56 10.8340.04 166.6 117.80 10.84 +0.04
292.1 113.97 10.83+0.04 131.0 118.82 10.8340.04
279.4 114.38 10.82+0.04 113.2 119.32 10.84+0.04
267.0 114.77 10.84+0.04 93.3 119.87 10.82+0.05
255.0 115.15 10.8240.04 80.6 120.22 10.831+0.06
T=250K
810.2 109.00 12.114+0.06 370.1 120.72 11.9440.04
745.0 111.05 12.12+0.08 302.2 122.26 11.9740.05
669.0 113.20 12.0340.04 246.2 123.49 11.9440.04
605.2 114.92 11.99+0.05 180.6 124.89 11.94+0.04
548.9 116.39 11.9940.05 119.0 126.16 11.90+0.06
498.0 117.67 11.97+0.04 112.7 126.30 11.93+0.05
429.7 119.33 11.9740.05 106.8 126.42 11.924+0.04
T=275K
1802.1 95.63 14.404+0.14 934.3 118.32 13.32+0.06
1769.3 96.79 14.29+0.11 846.5 120.07 13.29+0.06
1731.9 98.07 14.26+0.09 765.5 121.63 13.1940.06
1685.6 99.57 14.26+0.10 691.1 123.02 13.16+0.05
1634.2 101.18 14.134+0.11 623.0 124.26 13.131+0.05
1579.4 102.82 14.08+0.14 560.8 125.37 13.1140.04
1522.7 104.45 14.01+0.10 504.3 126.35 13.1140.04
1464.9 106.04 13.86+0.08 429.2 127.63 13.0740.05
1349.7 109.02 13.634+0.13 364.7 128.71 13.08 +0.05
1293.1 110.41 13.66+0.08 292.9 129.89 13.05+0.05
1237.5 111.74 13.514+0.09 222.1 131.02 13.04+0.05
1183.2 112.99 13.54+0.06 150.4 132.15 13.0340.06
1130.3 114.18 13.434+0.05 113.9 132.72 13.0210.06
1028.8 116.37 13.37+0.06 107.5 132.82 13.0340.06
T =300K
2565.5 100.57 16.92+0.16 1228.2 124.09 14.62+0.07
24724 102.53 16.61+0.12 1183.2 125.00 14.56 +0.07
2404.5 103.91 16.43+0.13 1105.7 125.87 14.52+0.07
2328.3 105.44 16.254+0.19 1048.3 126.68 14.4410.05
2246.7 107.03 16.14+0.18 993.5 127.46 14.45+0.05
2161.9 108.64 15.844+0.15 941.1 128.18 14.4140.06
2075.9 110.24 15.73+0.18 843.2 129.52 14.3040.06
1989.8 111.80 15.614+0.12 754.7 130.70 14.301+0.14
1904.5 113.30 15.41+0.09 674.8 131.76 14.22+0.14
1820.5 114.74 15.2740.07 602.7 132.70 14.231+0.05
1738.3 116.12 15.15+0.07 537.8 133.54 14.2040.04
1658.1 117.44 15.08+0.10 479.5 134.28 14.18 +0.04
1580.1 118.70 14.98+0.09 403.4 135.24 14.1740.04
1504.5 119.90 14.8840.05 358.9 135.79 14.151+0.04
1431.6 121.03 14.79+0.07 291.7 136.62 14.1440.04
1361.2 122.11 14.7440.07 231.7 137.35 14.13+0.04
1293.4 123.13 14.69+0.08
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Table VIII. (Continued)

4 ¢ n p ¢ n
(kPa) (m-s7h) (uPa-s) (kPa) (m-s7) (uPa-s)
T=325K
2939.1 114.82 18.0440.09 1448.8 131.28 15.861+0.04
2815.7 116.19 17.74+0.11 1370.4 132.10 15.7540.05
2725.0 117.22 17.48+0.11 1295.6 132.88 15.69+0.04
2625.3 118.35 17.4140.08 1156.3 134.31 15.59+0.04
2520.1 119.54 17.15+0.09 1030.5 135.59 15.491+0.04
2413.0 120.75 16.95+0.07 917.2 136.73 15.43+0.04
2305.3 121.96 16.784+0.07 815.3 137.75 15.37+0.04
2198.8 123.15 16.66 +0.06 723.9 138.65 15.35+0.04
2094.3 124.31 16.5040.06 642.2 139.45 15.294+0.05
1992.4 125.44 16.3940.06 569.2 140.16 15.26+0.04
1893.3 126.52 16.27+0.06 474.5 141.07 15.23+0.04
1797.4 127.56 16.16+0.06 395.1 141.83 15.2140.05
1705.0 128.56 16.06+0.06 309.3 142.65 15.18+0.05
1616.0 129.51 15.93+0.05 229.6 143.40 15.17+0.06
1530.5 130.42 15.98+0.04 142.7 144.21 15.13+0.06
T=350K
3132.6 127.56 18.74+0.11 1483.1 139.72 16.82+0.06
2995.9 128.48 18.54+0.11 1317.7 140.97 16.70+0.04
2894.9 129.18 18.334+0.08 1168.7 142.09 16.6110.05
2668.0 130.82 18.05+0.07 1035.0 143.10 16.51+0.05
2549.0 131.69 17.92+0.07 915.4 144.00 16.45+0.04
2428.9 132.58 17.754+0.06 808.7 144.80 16.3910.05
2310.4 133.47 17.63+0.07 713.7 145.51 16.34+0.04
2194.1 134.34 17.49+0.07 629.4 146.14 16.314+0.04
2080.8 135.19 17.361+0.05 520.5 146.95 16.28 +0.04
1971.1 136.02 17.26 +0.05 430.1 147.62 16.24+0.04
1865.1 136.82 17.1740.05 3332 148.33 16.2140.04
1763.3 137.59 17.05+0.06 270.0 148.80 16.20+0.04
1665.7 138.33 16.97+0.05 194.5 149.36 16.1740.05
1572.3 139.04 16.9040.05 147.9 149.70 16.1540.05
1483.1 139.72 16.82+0.06 97.0 150.08 16.141+0.06
T=375K
3180.6 138.51 19.454+0.10 1429.3 147.65 17.7340.05
3015.9 139.29 19.27+0.07 1343.2 148.13 17.69+0.05
2906.1 139.83 19.13+0.06 1184.8 149.03 17.58 +0.06
2785.4 140.41 18.9940.06 1043.5 149.83 17.4940.05
2660.8 141.03 18.84+0.06 917.9 150.55 17.4310.05
2534.6 141.67 18.69+0.05 806.5 151.18 17.3740.04
2408.1 142.33 18.561+0.05 708.1 151.75 17.3410.04
2283.9 142.98 18.44+0.05 621.2 152.25 17.27+0.04
2162.2 143.62 18.334+0.06 510.1 152.89 17.2440.06
2044.1 144.26 18.224+0.05 418.4 153.42 17.2010.05
1930.2 144.88 18.13+0.05 319.2 153.99 17.1740.05
1820.6 145.48 18.03+0.05 240.8 154.44 17.134+0.05
1715.5 146.05 17.9640.05 148.1 154.98 17.121+0.06
1615.4 146.61 17.88+0.06 117.4 155.16 17.104+0.07
1520.0 147.14 17.80+0.05 86.8 155.33 16.65+0.11

¢ p calculated from Ref. 1.
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with a fractional standard deviation of 0.0016. Figure 7a shows the
measured viscosity as a function of temperature, and Fig 7b shows the
relative deviations from Eq. (13). Also shown are the previously published
measurements of the viscosity of C,Fy [38, 43-45]. The scatter in the pre-
viously published values is about 5%, the present values are accurate to
within 0.5%, greatly reducing the uncertainty in the viscosity of this fluid.
Figure 5b compares the present speed-of-sound data at 300 K with
those in Ref. 1 in the range of overlap (up to 700 mol-m~2). They disagree
by 0.07% to 0.15%, and similar disagreements occur on the other
isotherms. This disagreement was traced to the presence of a volatile
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Fig. 7. (a) Zero-density viscosities in C,F;: (@), Present work; (—), Eq. (13);
(), Ref. 38; (V), Ref. 44; (O), Ref. 45; (---), Ref. 43. (b) Fractional deviations
from Eq. (13) of the data in the upper figure.
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impurity with a concentration exceeding that specified by the manufac-
turer. Thus, the speed-of-sound results from Ref. 1 are more reliable than
the present results in the range of overlap. At densities well above the range
of overlap, the present speed-of-sound results are probably more accurate
than the extrapolation from Ref. 1. We believe that the impurity had a
negligible effect on the viscosity results.

7. DISCUSSION

We calibrated the Greenspan viscometer with helium and then we
assessed its performance with argon and four polyatomic gases. The argon
results spanned the range 293 K < 7'< 375 K and 0.15 MPa < p < 3.3 MPa.
They agreed (to within 0.3% at zero density; to within 0.5% up to
1500 mol-m~?) with independent measurements made using different tech-
niques: oscillating disks [22], vibrating wires [ 14], and rotating cylinders
[17]. The results from the polyatomic gases CH,, C;H;, N,, and SF, near
300 K show that the viscometer and its model properly account for the
diverse thermophysical properties of these gases. Typically, the present
results for the polyatomic gases agreed with reference values to within
0.5%. At the higher densities (particularly for SF;), it is conceivable that
the uncertainty of the reference viscosities exceeds 0.5%.

Additional measurements were made in the gases CF, and C,F; span-
ning the temperature range 210 to 375 K and pressures up to 3.3 MPa.
Previously, only zero-density viscosities were reported for these compounds
and they had reported uncertainties of several percent. The uncertainty of
the present results for these gases is approximately 0.5% at low densities, as
indicated by the results with the reference gases. This estimate would be
true even if the reported thermal conductivities of CF, and C,F; were in
error by several times the uncertainty (41/A= 0.02) attributed to them by
Refs. 35 and 42.

We plan to measure the viscosity of several gases for which no pre-
vious measurements of viscosity or thermal conductivity have been
published. In these cases, the thermal conductivity must be estimated and
might have uncertainties of 10 to 20%. Fortunately, the factor (y—1) that
appears in Eq. (6) is small for many of these compounds at the low densi-
ties where they are used.
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