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Viscosity and Speed of Sound of Gaseous Nitrous
Oxide and Nitrogen Trifluoride Measured
with a Greenspan Viscometer

J. J. Hurly!
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The viscosity and speed of sound of gaseous nitrous oxide and nitrogen tri-
fluoride were measured using a Greenspan acoustic viscometer. The data span
the temperature range 225-375 K and extend up to 3.4 MPa. The average
relative uncertainty of the viscosity is 0.68% for N,O and 1.02% for NFj.
The largest relative uncertainties were 3.09 and 1.08%, respectively. These
occurred at the highest densities (1702 mol-m~3 for N,O and 2770 mol-m~3
for NF3). The major contributor to these uncertainties was the uncertainty
of the thermal conductivity. The speeds of sound measured up to 3.4 MPa
are fitted by a virial equation of state that predicts gas densities within the
uncertainties of the equations of states available in the literature. Accurate
measurements of the speed of sound in both N;O and NFj3 have been pre-
viously reported up to 1.5 MPa. The current measurements agree with these
values with maximum relative standard deviations of 0.025% for N,O and
0.04% for NFj.

KEY WORDS: equation of state; Greenspan viscometer; nitrogen trifluo-
ride; nitrous oxide; speed of sound; transport properties; viscosity.

1. INTRODUCTION

The viscosity n(T, p) of gaseous nitrous oxide (N,O) and nitrogen triflu-
oride (NF3) was determined as a function of temperature and pressure
by interpreting the frequency-response data from a Greenspan acoustic
viscometer. The speed of sound u(7, p) was also determined, although the
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Fig. 1. Reduced pressure and temperature regions
spanned by the viscosity measurements. The reduced
vapor pressure curve and critical point are also shown.

apparatus was optimized for the measurement of viscosity. The measure-
ments span the temperature range 225-375 K, and pressures up to the
lesser of 80% the vapor pressure or 3.4 MPa. Figure 1 shows the reduced
temperature and pressure regions of the viscosity measurements for each
gas.

The viscosity of N,O at atmospheric pressure has been measured
by several investigators [1-10]. Three investigators measured the density
dependence of 5 at higher pressures. Schlumpf et al. [11] worked at pres-
sures from 10-50 MPa but only reported values graphically; Yokoyama
et al. [12] explored mainly the region near the critical point; and
Takahashi et al. [13] reported results between 298 and 398 K, and at pres-
sures up to 24 MPa. The present results fill in the density dependence of 5
below 298 K. A literature search found no previously published measure-
ments of the viscosity of NFj3.

The viscosities were determined by interpreting frequency-response
data from a Greenspan acoustic viscometer. In 1953, Greenspan and
Wimenitz [14] proposed determining the viscosity of gases by measuring
the energy losses in a double Helmholtz acoustic resonator. Subsequently,
Gillis et al. [15-17] developed a detailed acoustic model for the Greenspan
viscometer that accounts for: (a) viscous boundary losses in the duct, (b)
the effects of the convergent—divergent flows at each end of the duct, (c)
thermal losses at the gas-resonator boundary, and (d) attenuation of sound
throughout the volume of the gas (such as the attenuation caused by
either the translation—vibration relaxation or by density fluctuations near
the critical point). Hurly et al. [18] gave a detailed account of the
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implementation of the model and the apparatus. They calibrated the vis-
cometer with helium and evaluated its performance using five reference
gases: Ar, CHy, C3Hg, Ny, and SF¢. Hurly et al. [18] also reported n(7, p)
in gaseous CF4 and C,F¢. The reader should refer to the previous publi-
cations for details of the acoustic model and the apparatus.

2. NITROUS OXIDE

The critical constants of nitrous oxide are: 7, = 309.57 K [19], pc=
7.245 MPa, and the critical volume V. = 0.0974 m?.kmol~! [19]. Figure
1 shows the reduced critical point and vapor pressure of N,O [20] and the
experimental temperature and pressure ranges. The molar mass of N,O is
0.0440128 kg-mol~! [21]. The gas sample was 99.998% N,O by mass, as
indicated by the supplier.

2.1. Results

Table 1 reports the viscosity of N,O at 148 pressures and tem-
peratures along seven isotherms between 225 and 375 K. Table I also
reports the speed of sound u, a calculated density p (mol-m~3), and
an estimate of the uncertainty of the reported values of 5. The den-
sities listed in Table I were calculated using the virial equation of
state of Hurly [22]. This equation of state was obtained by fitting
speed-of-sound data only up to 1.5 MPa. In this region, the speeds of
sound reported in Table I agree with those calculated from the viri-
al equation of state to better than 0.025% as seen in Fig. 2. At pres-
sures greater than 1.5 MPa, the equation of state was extrapolated, and
the measured speeds of sound differ by as much as 0.16%. Figure 3
(left) shows the viscosity data along isotherms as a function of pressure.
Figure 3 also shows the fit discussed in Section 2.3 and the viscosity
estimated using the corresponding states model of Klein et al. [23].

2.2. Uncertainty Analysis

The uncertainty of the tabulated viscosities was determined in the
same manner as in Ref. 18. The kinematic viscosity n/p was determined
by fitting the frequency response of the Greenspan viscometer using the
model for the viscometer [Eq. (36) of Ref. 17]. The model requires as
inputs: the amplitude (voltage of detector) as a function of the frequency
through the resonance, the dimensions of the resonator, temperature, pres-
sure, the molar mass (composition), the heat-capacity Cp, and the thermal
conductivity A. The density p, is required if n is to be determined from

n/p.
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Table 1.

Hurly

Viscosity () and Speed-of-Sound (¢) Measurements in N,O“

P (kPa) (mol-m73) (m-s7!)

p

c

n p

(uPa-s) (kPa) (mol-m™3) (m-

p

¢ n
sT) (uPa-s)

599.4
561.3
524.6
460.5
405.7
358.7

1416.1
1335.1
1246.3
1156.7
1073.5
996.0
924.1
857.3
795.4
738.4

2904.1
2811.8
2706.2
2578.4
2441.4
2309.7
2183.6
2057.0
1932.5
1812.1
1697.6
1589.4

3302.7
3224.0
3125.4
3006.7
2876.7
2741.1
2597.3
2452.4
2310.4
2174.1
2044.2

350.5
326.1
302.9
263.1
229.7
201.6

805.7
750.6
691.5
633.7
581.4
534.0
490.9
451.6
415.9
383.5

1702.4
1625.5
1539.7
1439.9
1338.3
1245.0
1159.2
1076.1
997.1
923.0
854.5
791.4

1657.9
1606.9
1544.4
1470.5
1391.5
1311.3
1228.3
1146.9
1069.0

995.9

927.7

223.98
224.83
225.65
227.06
228.24
229.23

224.47
226.00
227.70
229.37
230.87
232.24
233.48
234.61
235.64
236.57

219.44
220.97
222.75
224.90
227.12
229.17
231.07
232.95
234.74
236.44
238.02
239.48

236.86
237.73
238.81
240.11
241.52
242.96
244.48
245.98
247.43
248.80
250.10

T=225 K
11.22 £ 0.08 318.3
11.19 £ 0.08 268.3
11.18 £ 0.08 208.4
11.16 £ 0.08 163.6
11.16 £ 0.08 153.0
11.16 £ 0.08

T7=250 K
12.56 £ 0.10 640.8
12.52 £ 0.10 558.8
12.49 £0.10 488.8
12.46 £ 0.10 428.6
12.45 £ 0.09 355.0
12.44 £0.09 296.5
12.42 £0.09 235.8
1242 £0.09 171.4
12.41 £0.09 111.3
12.40 £ 0.09 106.6

T=275 K

14.33 £ 0.15 1487.6
14.27 £ 0.14 1307.0
14.21 £0.14 1149.4
14.15 £ 0.13 1010.5
14.08 £0.13 888.5
14.07 £0.12 780.6
14.01 £0.12 686.0
13.98 £0.11 566.5
1391 £0.11 468.4
13.88 £0.11 364.4
13.84 £0.10 267.9
13.81 £0.10

=300 K
15.66 £ 0.14 1592.1
15.66 £ 0.13 1405.5
15.61 £0.13 1241.1
15.55 £ 0.13 1095.5
15.49 £0.12 967.0
1543 £0.12 853.2
1537 £0.12 752.7
15.31 £0.11 1183.2
15.27 £0.11 1130.3
1522 +£0.11 404.5
15.17 £0.11 297.7

177.8
148.8
114.6
89.4
83.5

329.1
284.4
246.9
215.1
176.8
146.8
116.0

83.8

54.1

51.8

733.5
633.7
549.5
4773
415.4
361.8
315.5
258.2
211.9
163.5
119.4

700.6
611.1
534.0
467.2
409.2
358.6
314.5
258.9
213.6
165.7
121.3

230.05
231.07
232.26
233.12
233.32

238.12
239.41
240.48
241.40
242.49
243.35
244.23
245.15
246.00
246.08

240.84
243.17
245.16
246.87
248.34
249.63
250.74
252.11
253.23
254.40
255.47

254.48
256.24
257.76
259.10
260.27
261.29
262.19
263.33
264.26
265.25
266.17

11.15 4+ 0.08
11.16 £ 0.08
11.16 £ 0.08
11.17 £ 0.08
11.17 £ 0.09

12.39 £ 0.09
12.39 £ 0.08
12.38 £ 0.08
12.38 £ 0.08
12.38 £ 0.08
12.39 £ 0.08
12.37 £ 0.09
12.37 + 0.09
12.37 £ 0.11
12.38 + 0.10

13.78 £ 0.10
13.75 £ 0.10
13.71 £ 0.10
13.69 £ 0.09
13.67 £ 0.09
13.66 £ 0.09
13.65 £ 0.09
13.64 £ 0.09
13.63 £ 0.09
13.63 £ 0.09
13.62 £ 0.09

15.06 £ 0.10
15.00 £ 0.10
14.97 £ 0.10
14.95 £ 0.10
14.93 £0.10
14.90 £+ 0.09
14.89 £ 0.09
14.88 + 0.09
14.87 £ 0.09
14.85 + 0.09
14.85 £ 0.09
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Table 1. (Continued)

o 4 n p o 4 n

P (kPa) (mol-m~3) (m-s~!') (uPa-s) (kPa) (mol-m~3) (m-s~!) (uPa-s)
1921.1 864.4 251.31 1513 £0.11 195.0 79.0 267.05 14.84 &+ 0.10
1804.8 805.6 252.44 1511 £0.10 109.2 44.0 267.79 14.83 £0.11
1695.3 751.1 253.50 15.07 £0.10

T=325K
3086.7 1321.6 256.70 16.72 £ 0.12 1357.3 532.7 269.26 1621 £0.10
2896.2 1227.7 258.07 16.65+0.12 11962  466.0 270.39 16.18 £ 0.10
2768.2 1165.3 259.02 16.60 £0.12 1053.2  407.7 271.40 16.15 £ 0.10
2632.2 1100.1 260.04 16.56 £0.11 926.7  356.7 27228 16.13 £0.09
2493 .4 1034.5 261.06 16.50 +0.11 815.1 312.2 273.06 16.11 £0.10
2356.0 970.6 262.07 1647 £0.11 6722 3122 274.04 16.10 £ 0.10
2222.6 909.5 263.05 1643 +£0.12 5543  209.9 274.85 16.08 £ 0.10
2093.9 851.3 263.98 1639 £0.11 428.8 161.5 27571 16.06 £ 0.09
1970.7 796.4 264.87 16.35+0.11 311.6 116.8 276.52  16.06 + 0.10
1853.7 744.8 26572 1632 £0.10 200.5 74.8 27727 16.04 £0.11
1742.6 696.5 266.52 1629 £0.11 1159 43.1 277.85 16.04 £ 0.12
1538.9 609.1 267.97 1625 £0.10

T=350 K
3251.3 1253.7 270.42 17.92 £0.12 1480.8  534.8 280.09 17.42+0.10
3046.3 1165.9 271.48 17.85+0.12 12993  466.3 281.09 17.39 £ 0.11
2905.4 1105.9 27224 17.80 £0.12 1139.4  406.7 281.96 17.35+0.10
2756.8 1043.4 273.06 17.75+£0.11 9984  354.6 28274 17.34 £ 0.10
2605.9 980.6 273.89 1771 £0.11 8745  309.3 283.42 17.31 £ 0.10
2457.2 919.5 27471 17.66 £0.11 7658  269.9 284.01 17.30 £ 0.10
2313.1 860.9 27551 17.63+0.11 627.6  220.1 284.77 1727 £0.10
2174.5 805.2 27627 17.59 £0.11 514.5 179.8 285.39 17.26 £ 0.09
2042.3 752.6 277.00 17.56 £0.11 394.8 137.4 286.04 17.25+0.10
1916.8 703.1 277.69 17.52+0.11 284.1 98.5 286.64 17.23+0.10
1797.9 656.7 278.35 17.49 £0.10 180.5 62.4 287.21 17.22+0.11
1685.8 613.3 278.96 17.48 £0.10 109.4 37.7 287.60 17.20 £0.13
1480.8 534.8 280.09 17.42+0.10

T=375 K
3269.4 1146.2 283.46 19.04 £0.12 1351.5  449.2 291.53 18.57 £0.11
3049.0 1062.6 28431 18.97 £ 0.12 1181.1 390.7 20226 18.52+0.10
2901.3 1006.8 284.93 18.93 +£0.12 1031.3 339.8 20291 18.49 +0.10
2745.6 948.6 285.58 18.88 £0.11 900.3  295.6 293.48 18.47 £ 0.10
2588.9 890.4 286.24 18.84 £0.11 733.7  239.9 20421 18.45+0.10
2435.5 834.0 286.89 18.80 +0.12 598.1 194.8 294.80 18.45+0.10
2287.6 780.1 287.51 18.77 £0.11 4554 147.8 29542 18.4240.10
2146.1 729.0 288.11 18.73 £0.11 323.9 104.8 296.01 18.40 £0.11
2011.7 680.8 288.69 18.70 + 0.11 202.1 65.2 296.54 18.38 £ 0.12
1884.4 635.4 289.23 18.67 £0.11 136.2 43.8 296.83 18.40 £ 0.12
1764.1 592.9 289.75 18.63 £0.11 110.9 35.7 296.94 18.40 + 0.14
1544.8 516.1 290.69 18.60 £ 0.11

“ Densities calculated with Ref. 38.
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Fig. 2. Relative deviations of the present speed-of-sound data
from a fit to previously reported measurements for N,O [38] and
NF; [36] up to 1.5 MPa.

At each temperature and pressure, the complex frequency response
of the resonator was measured at 22 uniformly spaced frequencies span-
ning twice the half-width, +2g, about the resonance frequency f;y of the
Helmholtz mode. The contribution of the frequency synthesizer to the
uncertainties is insignificant. The complex ratio (source voltage)/(detector

Viscosity, pPaes

Pressure, MPa

Fig. 3. Present viscosity measurements are shown along each iso-
therm as a function of pressure. The fit to Eq. (1) is shown as the
solid lines through the points. The viscosities estimated using the
corresponding states theory of Klien [23] are shown as (— -+ —).
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voltage) was measured with two lock-in amplifiers. Each lock-in ampli-
fier measured the real and imaginary voltage components approximately
400 times during 8s and returned the mean values and their standard
deviations. These standard deviations (coverage factor of k =2 always
used) were used to weight each point when fitting the model to the fre-
quency response. The frequencies were scanned upward and then down-
ward, resulting in 44 values. Scanning up and down through the resonance
provides redundant data that were used to check reproducibility. Averag-
ing the up and down data greatly reduces the effects of small temperature
drifts. The redundant data at each frequency and the standard deviation
of each voltage propagate through to the standard deviation of the fit to
the model, which is included in the summation of uncertainties.

The dimensions of the viscometer were accurately measured with a
coordinate measuring machine. The largest source of uncertainty in this
category arises from the poorly characterized geometry of the ends of the
main duct. This required a calibration of the resonator with helium, and
an adjustment of a resistive end-effect parameter [17]. Because we cali-
brated the viscometer with helium at 298 K, the uncertainties resulting
from the dimensional measurements are insignificant for the other gases
and at other temperatures.

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
n(T, p) depended only weakly on temperature and pressure. Each prop-
erty was changed within its estimated uncertainty, and the viscosity was
re-calculated with the full model to determine how the uncertainty propa-
gated into the reported viscosities.

Reference 22 reports the ideal-gas heat capacity with an uncertainty
of & 0.1% and an equation of state from which densities are calculated
to £ 0.1%. The equation of state was only fit to pressures up to 1.5 MPa
and had to be extrapolated to higher pressures. The speed of sound cal-
culated from this equation of state agrees with the measurements to better
than 0.025% relative uncertainty below 1.5 MPa. This is evidence that no
significant uncertainty arises from impurities. An additional uncertainty of
0.05% in the density was included at pressures above 1.5 MPa, where the
virial equation of state was extrapolated and compared to an independent
equation of state [24].

The largest source of uncertainty comes from the uncertainty in
the thermal conductivity, A. The Greenspan viscometer is optimized to
maximize viscous losses (80-95%) and minimize thermal losses (5-20%);
howeyver, the thermal losses must be subtracted from the total to determine
n. The thermal conductivity was taken from the extended corresponding
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states model of McLinden et al. [25] and the relative uncertainties esti-
mated to be 4%. Millat et al. [26] reported the only experimental A(T, p)
data for N,O found in the literature. Their results span the tempera-
ture range 308-430 K at pressures up to 11 MPa and agree with those
predicted by Ref. 25 within 3% relative standard deviation over this
range. Millat et al. measurements were estimated to have a relative uncer-
tainty of 3% by comparing their results for argon to those of Sun et al.
[27]. However, since we had no data to compare below 308 K the rel-
ative uncertainty in A was estimated as 4%. The thermal conductivity
was then changed within its estimated uncertainty, and the viscosity was
re-calculated with the full model to determine how the uncertainty propa-
gated into the reported viscosities, and then included in the summed rela-
tive uncertainties reported in Table 1.

The final category of uncertainty is that from the model used to
reduce the data [17]. The viscometer was calibrated using the viscosity
of helium [17] as determined by ab initio calculations [28], reproducing
the helium viscosity to 0.06%. Reference 18 compared the viscosities mea-
sured using the model for five reference gases. In all cases, the viscosities
agreed within the uncertainties of the reference gases. The standard devia-
tion of the fit of the model to the frequency response of the viscometer is
included in the total uncertainty. At each T and p three redundant mea-
surements are made and the average, weighted by the standard deviations
of the fit, are reported in Table I. The reported uncertainty for each vis-
cosity is the larger of the summation of the uncertainties listed above or
the standard deviation of the three identical measurements. In almost all
cases it was the summation of uncertainties which was the larger of the
two.

2.3. Analysis

The viscosity virial expansion as a function of density,

1T, p)=n0(T) [ 1+ By(T) p(T, p)+Cy(T) (T, p) | ()

was fit to each isotherm. The resulting values of the zero-density viscosity
no, By, and C, are listed in Table II. Table II also lists the relative stan-
dard deviations of the fits to each isotherm. The zero-density viscosities
are fitted by the empirical function of temperature:

1o(T)/(uPa - s)=0.05804(T /K)*715 @)

with a relative standard deviation of 0.08%. Figure 4 shows the relative
deviations from Eq. (2) of this work and of the values of ny previously
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Table II. Coefficients for Eq. (1)

T (K) no(DuPa-s)  By(T)(em?-mol~!)  Cp(T)(em? - kmol~1)? o rir(%o)
N,O

225 11.20 —44.05 125, 626 0.038
250 12.38 —-7.78 30, 876 0.035
275 13.60 11.1 12,232 0.066
300 14.81 14.0 13,196 0.047
325 16.02 15.0 13,858 0.019
350 17.20 18.7 11,886 0.035
375 18.37 16.3 13, 695 0.037
NF;

225 13.50 29.8 14,851 0.200
250 14.93 29.6 15,961 0.132
275 16.32 25.7 18,365 0.074
300 17.63 30.3 15,096 0.057
325 18.92 31.2 13,084 0.045
350 20.20 26.6 14,716 0.038
375 21.41 23.9 14,921 0.025

reported by other investigators. The values of B, and C, in Table II were
fitted by the empirical functions of temperature resulting in

B,(T)/(cm?-mol ™)
=—141.82+1.158 x 10>(T/K)~! =2.09 x 107 (T /K) > 3)

C,(T)/(cm®-mol =) = (—1.644 x 1074 47.66 x 10~7(T/K))~! 4)

Equations (2)—(4) used in Eq. (1) allow the calculation of the viscosity in
N;O over the experimental temperature and pressure ranges, 225 to 375 K
and pressures up to 3.3 MPa.

Figure 5 shows the values of B,(T) listed in Table II, Eq. (3), and
the values obtained by fitting the values of n(T, p) from Refs. 12 and 13
to Eq. (1). Figure 4 also shows the predicted values B, (T) using the Rain-
water—Friend theory [29] as implemented by Bich and Vogel [30] using the
Lennard-Jones parameters given in Ref. 30 (¢/kp =248.8, 0 =0.3776 nm)
and also the parameters given by Reid et al. [31] (¢/kp=232.4, 0 =0.3828
nm). A Lennard-Jones potential fit to Eq. (2) using the rigorous kinetic
theory of gases [32] results in the values of ¢/kp =241.85, 0 =0.3799 nm
with a relative standard deviation of 0.5% over the experimental tempera-
ture range. These parameters predict B, (T) between the other two sets of
parameters.
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Fig. 5. Second viscosity virial coefficient B,(T) as a function
of temperature. Key: (®) present work, ( ) Egs. (3) and (6),
(O) Ref. 13, (A) Ref. 12, (- - —) predicted values using Refs. 29
and 30, (— - —) predicted values using Refs. 29 and 30 and the

Lennard-Jones parameters of Ref. 31.

3. NITROGEN TRIFLUORIDE

The critical constants of nitrogen trifluoride are 7, =234.0 K [33],
pe=4.4607 MPa [34], and V. =0.11875 m> - kmol~! [35]. The vapor pres-
sure is given in Ref. 34. Figure 1 shows the reduced critical point and
vapor pressure of NF3 [34] and the experimental temperature and pressure
ranges. The molar mass of nitrogen trifluoride is 0.0710191 kg - mol~!
[21]. The gas sample was 99.998% NF3; by mass as indicated by the

supplier.
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3.1. Results

Table III reports the viscosity of NF3 at 207 pressures and temper-
atures along seven isotherms between 225 and 375 K at pressures up to
3.4 MPa. Figure 2 (right) shows the viscosity data along isotherms as a
function of pressure. Figure 2 also shows the fit discussed in Section 3.3
and the viscosity estimated using the corresponding states model of Klein
et al. [23]. Table III also lists the speed-of-sound data, the density calcu-
lated from an equation of state [36, 37], and an estimate of the uncer-
tainty of the viscosity. The densities at pressures up to 1.5 MPa that are
listed in Table III were calculated using the equation of state of Hurly [36].
This equation of state was only fit to data up to 1.5 MPa. Figure 3 shows
that in this region the measured speed of sound agrees with that calcu-
lated from the equation of state to better than 0.02%. Above 1.5 MPa, the
equation of state of Younglove [37] was used to calculate densities.

3.2. Uncertainty Analysis

The uncertainty of n reported in Table III was evaluated in the
same manner as in Section 2.2, and Hurly [38] reported values for the
ideal-gas heat capacity with an uncertainty of 0.1%. The thermal con-
ductivity was taken from the extended corresponding states model of
McLinden et al. [25] for which we estimated the uncertainty to be 5%.
Two equations of state were used to determine the density. Hurly [38]
gives a virial equation valid up to 1.5 MPa, with a claimed uncer-
tainty of 0.1%. Above 1.5 MPa, the equation of state of Younglove [37]
was used, with an estimated uncertainty of 0.3% in density. The mea-
sured speeds of sound below 1.5 MPa agree with those from Ref. 38 to
better than 0.025% indicating no composition problems or uncertainties
associated with the molar mass. As in Section 2.3, an analysis was per-
formed to evaluate how these uncertainties propagated into the reported
viscosities, and the results are listed in Table III.

3.3. Analysis

The viscosity data that were acquired along each isotherm were fitted
by Eq. (1). The resulting values of the zero-density viscosity no and the
second and third viscosity virial coefficients, B, and C,, are listed in Table
IT along with the relative standard deviations of the fits. The zero-density
viscosities were fitted by the empirical function of temperature:

0 _0.6765(T /K)"622
m DP9 === T K

®)
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Table III.  Viscosity (1) and Speed-of-Sound (c) Measurements in NF§
o c n b4 o ¢ n

P (kPa) (mol-m™3) (m-s!) (uPa-s) (kPa) (mol-m~3) (m-s71) (uPa-s)

T=225 K
3186.7 2769.6 134.77 16.09 £ 0.57 1412.1 870.3 164.02 13.93 + 0.18
3104.1 2626.6 136.67 1594 +£0.47 1292.3 785.0 16547 13.89 £0.18
3022.2 2495.2 138.46 15.72+0.61 1180.8 708.0 166.80 13.84 £0.16
2955.6 2395.1 139.86 15.62 +£0.40 1077.4 638.5 168.01 13.79 £ 0.15
2802.7 2186.2 142.82 1536 +£0.37 981.9 575.8 169.11 13.77 £0.14
2720.5 2082.7 14431 1524 £0.34 893.7 519.2 170.11 13.72 £ 0.15
2636.5 1982.0 145.80 15.12+0.32 812.6 468.1 171.02 13.71 £0.14
2551.6 1884.8 147.26 14.99 +£0.31 703.3 400.7 172.22  13.68 £ 0.13
2466.5 1792.0 148.66 1491 £0.29 607.8 343.0 173.26 13.66 £ 0.13
2381.7 1703.3 150.02 14.78 £0.30 524.4 293.6 174.15 13.64 £ 0.13
2297.4 1618.5 151.34 14.69 £0.27 430.1 238.6 175.15 13.63 £0.13
2214.2 1537.8 152.60 14.61 £0.27 334.8 184.2 176.15 13.62 £ 0.13
2132.1 1460.9 153.82 14.56 £ 0.26 247.5 135.0 177.05 13.59 £0.13
1973.0 1318.9 156.10 14.36 £0.25 157.1 85.0 17797 13.55+0.14
1820.9 1190.3 158.20 14.32+0.21 116.0 62.5 178.40 13.57 +£0.14
1676.5 1074.1 160.13 14.19 £0.23 110.1 59.4 178.46 13.54 +£0.14
1540.2 964.7 16242 14.01 £0.18

T=250 K
3228.4 2023.7 160.42 16.76 + 0.28 1412.9 747.8 176.99 15.34 £ 0.15
3080.4 1900.4 161.80 16.60 £ 0.27 1277.2 669.1 178.08 15.29 £+ 0.15
2975.3 1815.0 162.80 16.52 +0.27 1153.4 598.8 179.08 15.24 £ 0.14
2862.6 1726.3 163.84 16.40 £ 0.25 1040.6 535.9 179.98 1520 £ 0.14
2747.2 1637.6 16490 16.33 +0.25 938.1 479.6 180.79 15.17 £ 0.13
2631.9 1551.5 16594 16.19 £0.24 845.1 429.3 181.52 15.14 £0.13
2518.2 1468.4 16697 16.12+0.24 760.7 384.2 182.19 15.12+£0.13
2407.0 1389.2 167.96 1599 +£0.23 684.4 343.9 182.78 15.11 £0.13
2299.0 1313.9 168.92 1596 +0.23 583.5 291.2 183.56 15.08 £0.13
2194.3 1242.4 169.85 1587 £0.21 497.0 246.6 184.23 15.07 £ 0.13
2093.2 1174.7 170.73 15.79 £0.20 423.1 209.0 184.80 15.06 +0.13
1995.7 1110.7 171.58 1571 £0.20 341.1 167.5 185.44 15.06 £+ 0.12
1901.8 1050.1 172.39  15.68 +£0.20 260.3 127.2 186.05 15.01 £0.13
1811.6 992.8 173.17 15.60 £0.19 178.4 86.7 186.68 14.99 +0.13
1724.9 938.6 173.92 1557 +0.18 116.0 56.2 187.12 14.94 +0.14
1641.7 887.4 174.62 1552 £0.18 109.7 53.1 187.17 1495+ 0.14
1562.0 839.0 17530 1547 £0.18

T=275 K
3085.8 1589.4 177.80 17.74 £ 0.22 1478.1 693.6 187.65 16.73 £ 0.15
3003.3 1539.7 178.24 17.66 £ 0.22 1398.6 653.7 188.10 16.69 £ 0.14
2900.8 1478.3 178.82 17.58 +£0.22 1251.7 580.8 188.93 16.64 £ 0.14
2780.7 1407.2 179.51 17.50 £ 0.21 1120.0 516.3 189.69 16.60 + 0.14
2651.8 1331.8 180.27 17.40 &£ 0.20 1001.6 459.0 190.36 16.56 £ 0.13
2526.7 1259.7 181.01 17.34 £0.21 8953 408.1 190.97 16.52 £0.13
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Table III. (Continued)
p c n b4 p ¢ n

P (kPa) (mol-m~3) (m-s! (uPa-s)  (kPa) (mol-m~3) (m-s~') (uPa-s)

2401.1 1188.5 181.75 1724 +£020 799.8  363.0 191.52 16.50 + 0.13
2279.2 1120.4 18246 17.17+0.19 7142  322.8 192.02 16.48 +0.13
2161.9 1055.8 183.16 17.11+£0.19 6375  287.1 19246 16.46 +0.13
2049.5 994.7 183.83 17.054+0.19 537.4 2408 193.03 16.45 +0.13
1942.2 937.0 184.47 1699 £0.18 4528  202.1 193.52 16.43 +0.13
1839.9 882.7 185.08 16.94 +0.18 3602  160.1 194.05 16.41 +0.13
1742.6 831.6 185.67 16.89 £0.18 270.5  119.7 194.57 16.39 +0.13
1649.9 783.4 186.22 16.84 £0.17 2129 94.0 194.89 16.36 + 0.13
1561.8 738.1 186.75 16.81 £0.17 140.4 61.8 19531 16.35+0.14

T=300 K
3231.6 1461.5 190.05 18.97 +£0.21 1488.4  628.2 197.54 18.0540.14
3110.1 1400.2 190.49 18.89 +0.21 13232 5552 198.21 17.99 +0.14
2954.6 1322.2 191.09 18.80 £0.20 11759  490.8 198.83 17.94 4+ 0.14
2799.7 1245.3 191.70  18.70 £0.20 1044.6  434.0 199.38  17.90 &+ 0.14
2649.2 1171.5 19231 18.61 £0.20 927.5 3838 199.87 17.86 + 0.13
2504.7 1101.4 19290 18.55+0.19 8232  339.4 200.32 17.84 £+ 0.13
2367.0 1035.2 193.47 1848 £0.19 7304  300.1 200.71 17.81 £ 0.13
2235.7 972.9 194.02 1841 +£0.18 6478  265.4 201.07 17.79 &+ 0.13
2110.9 914.2 19454 1834 4+0.18 5408 2208 201.53  17.77 +0.13
1992.5 859.0 195.05 18.2940.18 4514  183.7 20191 17.75+0.13
1880.2 807.1 19553 18224+ 0.18 3547 1439 20234 17.73 +0.13
1774.0 758.5 19598 18204 0.17 262.5 106.2 202.74 17.70 +0.14
1673.4 712.7 196.42 18.16 £0.17 2154 87.0 202.95 17.68 +0.13
1578.3 669.9 196.83 18.10 £ 0.17 154.2 62.1 20321 17.64 4+ 0.14
1488.4 628.2 197.54 18.05+0.14 1153 46.4 203.36  17.64 £0.16
T=325 K

3445.0 1399.1 200.75 20.24 +0.20 14487  556.4 206.73 19.3240.14
3340.9 1353.5 200.98 20.18 & 0.20 1279.1 489.1 207.25 19.26 +£0.14
3193.3 1288.6  201.36 20.09 +£0.20 1129.1  430.1 207.70 19.22 4+ 0.14
3024.6 12149  201.81 20.01 £0.20 996.5  378.3 208.12 19.18 +0.14
2853.4 1140.8 20228 19.924+0.19 8792 3327 208.48 19.1540.13
2686.7 1069.2  202.75 19.84+£0.19 7755  292.7 208.81 19.1240.13
2528.1 1001.7 20321 19.75+£0.19 6840  257.6 209.10 19.09 & 0.13
2378.5 938.6  203.65 19.6940.19 566.4  212.7 209.48 19.07 & 0.13
2236.9 879.3 204.07 19.634+0.18 469.0  175.6 209.80 19.05 4 0.13
2102.8 823.5 204.47 19.58 £0.18 3647  136.2 210.14 19.03 £+ 0.13
1976.5 771.4 20486 19.544+0.18 266.4 99.3 210.46 19.01 & 0.13
1857.9 722.7 20523 19.48 £0.18 172.0 63.9 210.78 18.96 & 0.14
1746.1 677.2  205.58 19.44+0.18 118.7 44.1 210.96 18.92 4+ 0.16
1640.9 634.6 20591 19.40 £0.17 111.2 41.3 210.99 18.93 4 0.17
1541.9 593.6 20646 19.35+0.14 104.3 38.7 211.01 18.94 4+ 0.16
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Table III. (Continued)

o c n p o ¢ n
P (kPa) (mol-m~3) (m-s7!) (uPa-s) (kPa) (mol-m~3) (m-s7!) (uPa-s)

T=350 K
2925.3 1065.5 211.94 21.11 £0.19 1227.5  431.8 215.67  20.48 £0.14
2789.2 1013.3 212.19 21.05+0.19 1077.8 378.0 216.01  20.44 £0.14
2639.3 956.0 212.48 20.99 +£0.19 946.1 331.0 216.31  20.41 £0.14
2487.3 898.3 212.79 2092 £0.18 830.2  289.8 216.58  20.38 £ 0.14
2338.7 842.1 213.10 20.86 £0.18 728.5  253.8 216.82  20.35+0.13
2196.3 788.6 213.40 20.80 £0.18 639.1 222.3 217.03 2034 +£0.14
2060.7 737.9 213.69 20.76 +0.18 525.2 182.3 217.30  20.32 £0.13
1932.7 690.3 213.97 20.72 £0.18 431.5 149.5 217.53 2030 £ 0.14
1812.0 645.6 214.24 20.66 +0.18 3323 114.9 217.78  20.29 £ 0.14
1698.4 603.8 214.50 20.63 £0.17 239.8 82.8 218.01  20.25+0.14
1591.7 564.7 214.74 20.59 +£0.17 143.0 49.3 21825  20.21 £0.15
1491.8 527.4 215.10 20.55£0.14 125.2 43.1 21830 24+0.20+0.16
1397.8 4933 215.30 20.53 +£0.14 117.2 40.3 218.33  20.21 £0.16

T=375 K
3359.7 1132.1 220.46 22.40 & 0.20 1503.1 492.4 223.10  21.74 £ 0.14
3247.3 1092.4 220.60 22.35+0.20 1404.4  459.5 22325  21.72£0.14
3090.6 1037.4 220.78 2228 £0.19 13122 428.7 223.39  21.69 £ 0.14

2918.0 977.1 220.99 22.22 +£0.19 1145.5 373.4 223.64  21.65+0.14
2742.5 916.0 221.22 22.15£0.19 999.9 3253 223.88  21.62+0.14
2571.3 856.7 221.45 22.09£0.19 8728 283.4 224.09  21.59 £ 0.14

2407.5 800.2 221.67 22.03£0.19 761.6  246.9 22428  21.56 £ 0.13
2252.4 747.0 221.90 21.98 £0.18 664.5 215.1 22445  21.54+0.14
2106.5 697.1 222.11 2193 £0.18 579.8 187.5 22459  21.51+£0.14
1969.7 650.6 22232 21.88 £0.18 472.5 152.6 22478  21.50 £ 0.14
1841.4 607.0 22252 21.84 £0.18 385.1 124.2 22494 2148 +£0.14
1721.1 566.4 22271 21.79 £0.18 293.5 94.5 225.10  21.47+0.14
1608.5 528.4 222.89 21.76 £0.18 195.7 62.9 22528  21.41 £0.15

¢ Densities calculated with Ref. 36 for p < 1.5 MPa and Ref. 37 for p > 1.5 MPa.

with a relative standard deviation of 0.09%. The values of B, and C, in
Table II were fitted by linear functions of temperature resulting in

B,(T)/(cm? - mol 1) =35.96 — 0.025(T /K) (6)
Cy(T)/(em® - mol=%) =18, 525 - 10.8(T/K) (7)

Equations (5)—(7) used in Eq. (1) allow the calculation of the viscosity
of NFj3 over the experimental temperature and pressure ranges, 225-375
K, and pressures up to 3.4 MPa.

Figure 5 shows the values of B,(7T) in Table II and the function
Eq. (6) that was fitted to them. No previously published values were
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found. Figure 5 also shows the values B,(T) predicted by the Rain-
water—Friend theory [29] as implemented by Bich and Vogel [30] using
the Lennard-Jones parameters given in Ref. 39 (¢/kp =175.0 K, o0 =
0.4154 nm). The predicted values fall below the experimental values at
the lower temperatures. If we use Eq. (5) to fit Lennard-Jones potential
parameters using the kinetic theory of gases [32], we obtain the values of
e/kp=173.86 K, 0 =0.4283 nm, which can be used to predict B,(T) val-
ues just slightly larger than those shown in Fig. 5. These potential param-
eters reproduce no(7T) calculated from Eq. (2) to better than 0.2% relative
standard deviation over the experimental temperature range.

4. SPEED OF SOUND

Tables I and II include values of the speed of sound in N,O and NF;
determined from the Greenspan viscometer at the same time that we deter-
mined the viscosity. Reference 18 demonstrated that the speeds of sound
determined in this way up to 3.2 MPa for five reference gases were within
0.04% of the reference values. Here we expect similar uncertainties. Gillis
and Moldover [40] have shown that the density o(T, p) calculated from a
hard-core square-well virial equation of state fit to a speed-of-sound sur-
face under 1.5 MPa have estimated uncertainties of less than 0.001 x p.
References 36 and 38 report accurate measurements of the speed of sound
in gaseous N>,O and NF3 up to 1.5 MPa and report such equations of
state. Figure 3 showed that the sound speeds agree with these previously
reported up to 1.5 MPa.

In future work, the Greenspan viscometer will be used to measure the
kinematic viscosity for gases where no equation of state is available. In
those cases, the speed of sound measurements determined from the vis-
cometer could be used to fit an equation of state to calculate the required
densities needed to determine n from n/p. Because there are equations
of state for NF3 and N,O, we tested the approach of Gillis and Mol-
dover [40] at lower reduced temperatures and higher densities. For each
gas we used the values of B(T) and C(T) that were determined from the
speed-of-sound data in Refs. 36 and 38. A fourth virial coefficient D(T)
was then fitted to the speed-of-sound surfaces reported in Tables I and
I11. For N>O; D(T)/(cm® - mol™)=6.818 x 10~13 —3.066 x 10~10/(T/K)
and for NF3; D(T)/(cm’ - m01_3):—6.088 x 10713 4+2.664 x 1019 /(T /K).
The densities for NoO and NFj calculated from the two resulting equa-
tions of state were compared to that of Lemmon and Span [24] for N,O
and Younglove [37] for NF3;. Lemmon and Span estimate the uncertainty
in density to be between 0.2 and 1.0% at higher temperatures. The equa-
tion-of-state fit to the speeds of sound differ with a relative standard



640 Hurly

deviation of only 0.05% over the range of our measurements, with a max-
imum of 0.5% at the lower temperatures approaching the vapor pres-
sure curve. Younglove estimates the uncertainty in density to be 0.3% for
NF3, the densities predicted by the equation of state fit to the speed-of-
sound surface differs with a relative standard deviation of 0.18% over the
range of our measurements, with a maximum of 0.4% at the lower tem-
peratures where the pressure approaches the vapor pressure curve. The
equation-of-state fit to the speed-of-sound surfaces for each species predict
gas densities within the uncertainties of the equations of states available in
the literature. This agreement supports the premise that the Greenspan vis-
cometer is capable of predicting gas densities with reasonable accuracy via
speed-of-sound measurements.
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