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The speed of sound was measured in gaseous nitrous oxide (N2O) and nitric
oxide (NO) using an acoustic resonance technique with a relative standard
uncertainty of less than 0.01%. The measurements span the temperature range
200 to 460 K at pressures up to the lesser of 1.6 MPa or 80% of the vapor pres-
sure. The data were analyzed to obtain the constant-pressure ideal-gas heat
capacity C0

p as a function of temperature with a relative standard uncertainty of
0.1%. For N2O, the values of C0

p agree within 0.1% with those determined from
spectroscopic data. For NO, the values of C0

p differ from spectroscopic results
by as much as 1.5%, which is slightly more than the combined uncertainties.
The speed-of-sound data were fitted by virial equations of state to obtain tem-
perature-dependent density virial coefficients. Two virial coefficient models were
employed, one based on square-well intermolecular potentials, and the second
based on a hard-core Lennard-Jones intermolecular potential. The resulting
virial equations reproduced nearly all the sound-speed data to within ± 0.01%
and may be used to calculate vapor densities with relative standard uncertainties
of 0.1% or less.

KEY WORDS: equation of state; ideal-gas heat capacity; intermolecular
potential; nitric oxide; nitrous oxide; NO; N2O; speed of sound; thermodynamic
properties; virial coefficients.

1. INTRODUCTION

Measurements of the speed of sound u(T, p) in gaseous nitrous oxide
(N2O, N—N=O) and nitric oxide (NO, N—O) are reported as a function
of the temperature T and pressure p. The data span the temperature range
200 to 460 K at pressures up to the lesser of 1.6 MPa or 80% of the vapor



pressure. The measurements were made in a cylindrical cavity using a
highly precise acoustic resonance technique. The speed-of-sound results
typically have relative uncertainties of 0.0001 × u. The data were collected
along isotherms. The constant-pressure ideal-gas heat capacity C0

p(T) was
determined for each isotherm with an uncertainty of 0.001 × C0

p(T). The
second B(T) and third C(T) virial coefficients were deduced for each
species from fitting model intermolecular potentials to the entire u(T, p)
surface. The densities r(T, p) calculated from the virial equations of state
have estimated uncertainties of less than 0.001 × r [1] for the conditions
spanned by the measurements.

Both nitrous oxide and nitric oxide are used in semiconductor pro-
cessing as a source of nitrogen for the growth of nitrided silicon oxide,
silicon nitride, and oxynitride films on silicon surfaces by annealing in a
nitrogen-rich environment. Both molecules also play important roles in
medical and environmental sciences. Nitric oxide is a colorless, non-
flammable, toxic gas with a slight odor, and its critical parameters are
Tc=180.15 K, pc=6.48 MPa, and Vc=0.058 m3 · kmol [2]. Nitrous oxide
is a colorless, nontoxic, nonflammable gas with a slightly sweet taste and
odor, and the critical parameters are Tc=309.57 K, pc=7.245 MPa, and
Vc=0.0974 m3 · kmol [2].

The speed-of-sound measurements reported in this manuscript were
obtained using an apparatus and experimental methods which have a
documented history of accuracy and reliability. The apparatus [3] and the
acoustic model [4, 5] used to analyze the data are described in previous
publications. Measurements have previously been reported for gases such
as chlorine [6], nitrogen trifluoride, ethylene oxide, trimethyl gallium [7],
hydrogen bromide, boron trichloride [8], and tungsten hexafluoride [9].
Detailed descriptions of the experimental technique can be found in these
references.

2. NITROUS OXIDE

The speed of sound was measured in nitrous oxide at 313 states along
13 isotherms between 220 and 460 K at pressures up to 1.5 MPa or 80% of
the vapor pressure [10]. All measurements are above the triple point tem-
perature of N2O which is approximately 182.3 K [11]. The manufacturer
of the gas specified that the sample was VSLI (very large-scale integration)
grade, 99.999% by mass fraction. When drawn from the source bottle,
no over-pressure was observed at liquid nitrogen temperatures (% 77 K).
The resonator was filled three times directly from the source bottle to
1.0 MPa, at 300 K. Each time the resonance frequency of the (3, 0, 0)
mode was measured, and was reproduced to within 10 ppm in frequency
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f or 0.00001 × f. The (3, 0, 0) mode is the third longitudinal mode of our
cylindrical resonator using the notation of Gillis [4]. This demonstrated
that a gas of constant composition was being delivered. A fresh aliquot of
N2O gas was taken from the source bottle for each isotherm. At the low-
pressure end of each isotherm, the resonance frequencies were monitored
for four hours while holding the temperature and pressure constant. Again,
the measured frequencies all agreed to 0.00001 × f indicating that the gas
composition did not change while the gas was in the resonator.

At each temperature and pressure, the resonance frequency was
measured at the third and fourth longitudinal modes and the first radial
mode. The acoustic model for a cylindrical resonator [4] was then used to
determine the speed of sound from the resonance frequencies. The model
requires the cylinder’s dimensions, and values for the viscosity and thermal
conductivity of the gas to accurately account for bulk and surface losses.
The dimensions are determined by calibration with argon, a gas for which
the speed of sound is accurately known. The molar mass weight of NO was
taken as m=44.013 g · mol−1. Experimental transport property data are not
available for NO, so values were predicted using a corresponding states
model [12, 13].

The results for u(T, p) for N2O are listed in Table I. At each T and p,
the three values of u(T, p) determined from the three modes were averaged,
weighted by the standard deviation of their fit to the acoustic model. The
weighted mean of the three values of u(T, p) and the relative standard
deviation s[u]/u × 106 with a coverage factor of k=1 are listed in Table I.

3. NITRIC OXIDE

The speed of sound was measured in nitric oxide at 162 states along 14
isotherms between 200 and 440 K, at pressures up to 1.4 MPa. The vapor
pressure [14] was never approached since the critical temperature for NO
is Tc=180.15 K [2], and the triple point temperature is approximately
109.51 K [11]. At each temperature and pressure, the resonance frequency
was measured at the third and fourth longitudinal modes and the first
radial mode. The acoustic model for a cylindrical resonator [4] was then
used to determine the speed of sound from resonance frequencies. The
model requires values for the viscosity [15] and thermal conductivity [16]
of the gas to accurately account for bulk and surface losses. The molar
mass, m is 30.0061 g · mol−1.

The three values of u(T, p) were averaged, weighted by the standard
fractional deviation from the fit of the acoustic model. These weighted
mean values of u(T, p) for NO are listed in Table II, along with their rela-
tive standard deviation s[u]/u × 106 with a coverage factor of k=1.
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Table I. Measured Speed of Sound of Nitrous Oxide, N2O

P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106

T=220 K

491.7 223.280 66.2 354.6 226.435 66.2 201.3 229.753 56.8
457.8 224.084 82.8 300.9 227.620 57.2 152.8 230.764 50.3
403.2 225.343 71.0 254.5 228.630 52.8

T=240 K

988.3 225.655 89.9 615.6 232.849 51.4 323.3 237.916 60.8
898.4 227.481 85.2 555.1 233.932 50.3 278.8 238.650 42.0
831.5 228.806 72.3 510.6 234.717 48.0 235.4 239.360 104.2
784.0 229.721 66.3 459.6 235.603 50.9 192.3 240.064 85.3
724.2 230.851 65.4 413.5 236.393 46.2 146.5 240.785 96.5
695.7 231.384 56.0 372.0 237.097 40.2 98.9 241.540 94.8

T=260 K

1642.1 228.020 40.7 1052.8 237.602 26.7 500.7 245.462 62.8
1578.8 229.127 50.2 1009.6 238.247 26.7 455.2 246.073 63.5
1519.6 230.145 45.2 928.0 239.456 37.6 413.0 246.636 59.0
1465.0 231.066 47.1 887.0 240.056 45.9 356.8 247.379 60.4
1413.0 231.930 40.6 810.0 241.167 47.5 323.3 247.820 62.5
1364.3 232.726 34.5 772.4 241.703 54.6 278.4 248.403 58.6
1272.2 234.205 28.2 702.8 242.684 55.6 252.0 248.747 57.9
1226.9 234.923 25.4 669.3 243.152 57.3 185.9 249.599 62.7
1181.6 235.629 23.1 607.4 244.007 57.2 145.0 250.119 64.3
1095.8 236.949 24.7 550.8 244.783 62.1 102.2 250.664 68.0

T=280 K

1555.4 243.107 30.5 1050.5 249.143 60.1 500.9 255.238 39.6
1517.7 243.581 12.5 998.6 249.734 74.0 457.2 255.706 39.9
1480.9 244.034 21.9 948.4 250.303 68.2 417.3 256.132 44.2
1412.0 244.869 17.7 900.2 250.853 69.5 367.4 256.658 38.8
1377.5 245.291 24.7 831.4 251.623 63.8 321.9 257.138 38.2
1312.8 246.066 38.0 786.6 252.121 69.1 277.3 257.605 43.4
1251.0 246.801 39.7 721.4 252.837 59.2 232.9 258.068 56.6
1219.8 247.169 44.4 658.2 253.536 54.3 189.1 258.527 46.6
1161.3 247.857 55.1 617.4 253.978 52.1 147.3 258.963 51.1
1104.8 248.511 59.0 547.8 254.734 50.2 100.7 259.439 48.8

T=300 K

1608.7 254.318 62.1 1105.0 259.033 48.7 484.7 264.560 40.2
1615.3 254.260 62.2 994.9 260.035 45.9 435.2 264.989 42.2
1545.6 254.923 70.4 941.8 260.512 45.5 389.9 265.380 40.9
1477.4 255.572 69.4 891.9 260.962 40.5 331.4 265.882 36.0
1411.9 256.191 56.9 798.4 261.802 37.3 266.8 266.436 42.2
1347.7 256.789 61.3 755.1 262.183 35.3 214.3 266.886 42.7
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Table I. (Continued)

P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106

T=300 K

1285.5 257.367 58.3 676.0 262.885 37.7 153.7 267.403 42.3
1223.7 257.940 54.5 603.9 263.518 35.7 99.2 267.867 31.6
1163.1 258.498 47.5 540.3 264.078 38.0

T=320 K

1604.1 264.993 142.5 992.1 269.538 46.1 454.0 273.426 23.4
1566.2 265.274 81.3 945.1 269.881 40.9 411.5 273.732 31.8
1493.3 265.822 83.1 900.2 270.209 30.5 372.9 274.008 38.8
1458.0 266.087 82.5 837.0 270.667 24.8 321.6 274.373 43.0
1390.0 266.596 81.1 778.0 271.098 14.5 277.3 274.689 44.3
1325.0 267.081 77.4 723.2 271.493 7.6 233.3 275.005 41.2
1293.5 267.315 77.4 672.1 271.861 10.0 191.4 275.303 57.1
1232.9 267.767 70.1 609.5 272.313 7.4 145.9 275.628 58.8
1174.9 268.194 66.4 552.6 272.721 13.0 100.7 275.956 58.3
1119.6 268.603 57.4 500.9 273.091 20.4 100.7 275.951 55.7
1066.7 268.992 53.4

T=340 K

1634.4 274.611 131.0 1056.5 278.101 45.9 498.4 281.429 26.2
1593.0 274.865 125.6 953.1 278.724 36.4 449.2 281.724 31.5
1513.7 275.346 113.1 905.0 279.009 33.4 384.2 282.106 33.9
1438.1 275.803 104.7 837.4 279.412 22.8 328.6 282.438 36.6
1331.8 276.445 87.8 755.1 279.904 15.2 273.9 282.765 50.2
1265.2 276.846 81.8 698.6 280.240 8.0 216.7 283.105 39.6
1201.7 277.231 65.6 629.7 280.650 20.9 158.5 283.453 52.5
1112.5 277.766 57.0 553.1 281.106 24.6 101.9 283.797 50.1

T=360 K

1624.2 283.859 98.6 1019.6 286.849 37.5 499.7 289.419 41.1
1580.3 284.072 101.3 939.2 287.249 34.7 447.7 289.675 38.5
1496.1 284.495 92.4 889.0 287.496 33.9 390.3 289.962 39.0
1416.4 284.887 81.9 818.8 287.839 28.9 331.1 290.253 41.6
1340.9 285.260 68.7 754.0 288.162 26.0 273.4 290.541 51.5
1269.4 285.614 59.6 675.7 288.547 28.4 213.6 290.841 53.7
1169.4 286.109 53.9 622.3 288.814 27.2 158.1 291.117 58.2
1107.0 286.417 45.1 557.6 289.131 31.4 102.2 291.400 69.7

T=380 K

1593.6 292.654 112.9 1060.8 294.827 66.2 561.2 296.880 55.4
1593.6 292.654 112.9 1001.1 295.068 69.6 500.0 297.131 53.9
1547.8 292.841 117.5 944.6 295.300 62.0 458.5 297.305 47.8
1460.3 293.194 107.4 891.4 295.526 73.7 396.9 297.559 56.1
1418.2 293.365 93.7 841.2 295.726 60.8 353.7 297.741 65.1
1338.2 293.692 96.7 771.3 296.015 65.5 297.5 297.974 54.5
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Table I. (Continued)

P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106

T=380 K

1262.7 293.997 80.7 727.9 296.192 59.3 250.4 298.165 67.9
1191.4 294.296 82.5 667.4 296.443 53.3 198.9 298.391 54.6
1124.2 294.567 70.0 612.0 296.669 50.5 149.4 298.599 83.7

T=400 K

1623.8 300.777 118.5 997.0 302.888 73.1 560.5 304.381 54.9
1527.3 301.097 115.9 938.2 303.085 73.1 427.2 304.844 61.8
1436.6 301.400 109.1 856.5 303.366 64.5 378.7 305.013 65.8
1311.0 301.827 100.1 758.7 303.700 53.9 263.9 305.418 61.7
1196.6 302.211 95.6 692.7 303.926 62.4 178.7 305.720 66.5
1092.2 302.562 76.2 595.5 304.262 54.4 168.3 305.758 64.6

T=420 K

1618.4 308.684 112.3 1032.1 310.311 72.5 546.9 311.692 54.9
1566.8 308.823 126.0 968.3 310.486 72.3 482.1 311.878 56.9
1469.0 309.089 124.1 908.5 310.662 63.3 424.9 312.042 57.9
1422.2 309.221 109.7 852.4 310.817 64.7 363.0 312.227 58.5
1333.7 309.462 104.6 775.0 311.034 59.9 291.4 312.438 66.0
1250.7 309.698 90.8 727.3 311.171 58.8 226.8 312.633 63.0
1173.0 309.912 75.4 661.2 311.362 62.4 165.9 312.817 65.1
1100.3 310.113 84.7 601.3 311.530 54.6 100.9 313.018 83.7

T=440 K

1643.7 316.199 116.3 1093.8 317.471 76.0 546.5 318.756 48.9
1602.4 316.312 117.3 990.1 317.707 61.5 495.2 318.882 43.8
1592.4 316.328 125.3 957.6 317.784 61.5 434.5 319.028 50.2
1581.8 316.351 123.7 896.1 317.923 65.8 381.2 319.148 60.4
1529.3 316.471 130.1 838.6 318.061 60.3 323.8 319.293 52.6
1429.8 316.693 108.7 784.9 318.186 60.6 266.3 319.447 67.2
1382.4 316.802 107.5 711.0 318.361 56.9 205.4 319.601 52.8
1292.8 317.004 104.5 665.6 318.472 50.9 148.6 319.744 74.8
1250.0 317.101 91.1 603.0 318.615 56.0 101.0 319.866 90.3
1169.2 317.291 75.3

T=460 K

1615.5 323.5948 183.6 1021.2 324.7127 119.1 560.8 325.6121 97.9
1558.9 323.6991 171.6 951.5 324.8472 116.7 487.9 325.7591 101.0
1452.4 323.8979 171.8 918.4 324.9069 122.1 439.7 325.8573 90.9
1401.7 323.9930 158.4 855.5 325.0323 115.9 424.6 325.8891 97.2
1306.4 324.1699 145.9 797.1 325.1451 112.5 320.8 326.1056 90.9
1261.1 324.2550 140.3 717.0 325.3002 99.7 269.5 326.2108 107.1
1175.7 324.4166 139.5 668.3 325.3983 105.8 211.2 326.3368 101.1
1095.9 324.5672 126.7 601.5 325.5318 96.8 204.0 326.3491 107.0
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The NO source bottle purity was only 99.6% by mass fraction. The
manufacturer reported that the impurities were NO2 and N2O2. To exploit
the accuracy of the speed-of-sound technique, we required either a purer
sample or a better characterized sample. The toxic and reactive nature of
NO made a more accurate characterization difficult. We chose to purify the
sample by the following procedure. An aliquot was taken from the source
bottle and transferred into a smaller bottle. The smaller bottle was placed
in liquid nitrogen, cooling it to approximately 77 K. An over-pressure of a
few kilopascals was observed, indicating a volatile impurity. The over-
pressure was pumped away, and a series of freeze-pump-thaw cycles was
repeated until no appreciable over-pressure was observed at 77 K.

The sample was then allowed to warm and was expanded into the
resonator. The (3, 0, 0) resonance frequency was measured at 300 K and
500 kPa. The sample was pulled back into the source bottle at 77 K, and
the process repeated. The resulting measured frequencies differed by as
much as 0.0003 × f; however, once the sample was loaded into the reso-
nator, the monitored resonance frequency remained constant with time
to 0.00001 × f. This indicated that the sample composition was stable
once loaded into the resonator, but an inconsistent composition was being
delivered from the source bottle. If after each successive loading of the
sample, the frequency shifted in a consistent direction, one could assume
some reaction was occurring during the loading process. However, this was
not the case; the shift in frequency was random. This is consistent with an
impurity such as NO2 or N2O2 that has a very low vapor pressure and is
solid at 77 K. When the sample was warmed, the first (and major compo-
nent) to evolve was NO, with the impurities evolving at higher tempera-
tures in an irreproducible manner.

We took advantage of the low normal boiling point of NO,
Tnbp=121.4 K [11], compared to NO2, Tnbp=294 K [11] and other
nitrous oxides, N2Ox all of which have Tnbp < 298.15 K [11]. The sample of
NO was collected into the source bottle at 77 K. The liquid nitrogen was
then replaced with a Dewar containing a dry ice/acetone slurry % 195 K.
As the vapor evolved, it flowed into the resonator, at the maximum
working pressure of our system, 1.5 MPa, the resonator was isolated, and
the sample bottle allowed to warm to room temperature, at which point all
of its contents were evacuated. The sample in the resonator was then pulled
back into the source bottle at 77 K. This procedure was repeated three
times, acting as a distillation in which the NO vapor was saved, but the
contaminants trapped at 195 K were isolated and removed. The same pro-
cedure was used to load the resonator for each isotherm, with the exception
that the source bottle was not evacuated after each loading. The sample in
the manifold would have been lost, which was not a negligible volume of
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Table II. Measured Speed of Sound of Nitric Oxide, NO

P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106

T=200 K

693.3 272.015 57 398.9 273.412 36 214.4 274.289 13
592.3 272.493 53 340.5 273.687 29 148.2 274.604 6
546.1 272.710 49 270.4 274.022 20 96.8 274.847 3
467.0 273.085 40

T=220 K

761.5 286.819 65 443.8 287.811 33 226.6 288.495 6
661.9 287.130 51 382.3 288.004 24 157.6 288.713 7
618.5 287.265 38 304.4 288.247 10 76.0 288.971 7
541.6 287.502 45

T=240 K

821.2 300.800 35 478.9 301.470 20 245.6 301.937 12
728.8 300.979 26 404.6 301.617 19 177.1 302.078 16
669.8 301.094 28 342.4 301.743 16 95.9 302.237 17
568.2 301.290 18

T=250 K

853.1 307.554 27 482.2 308.113 8 239.0 308.498 15
727.5 307.741 10 411.0 308.226 10 164.1 308.619 16
670.6 307.824 4 326.0 308.359 16 74.7 308.762 20
567.1 307.983 10

T=260 K

882.6 314.139 11 521.0 314.549 14 271.2 314.848 28
793.7 314.237 7 442.3 314.639 17 180.6 314.958 29
670.0 314.376 8 345.9 314.756 23 99.7 315.059 33
616.7 314.438 9

T=280 K

950.4 326.839 34 682.8 326.973 39 329.1 327.169 41
949.8 326.841 34 628.5 327.001 43 260.1 327.210 46
947.6 326.842 37 534.0 327.055 39 176.1 327.264 42
874.0 326.875 41 491.6 327.076 43 97.9 327.312 41
803.8 326.913 38 418.6 327.116 41

T=300 K

1007.6 339.134 34 696.1 339.135 16 402.6 339.157 29
917.9 339.134 31 634.8 339.137 19 281.3 339.164 42
837.2 339.128 27 579.0 339.146 13 198.0 339.184 38
762.0 339.129 27 483.3 339.147 35 100.5 339.188 52
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Table II. (Continued)

P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106 P (kPa) u (m · s−1) s × 106

T=320 K

1075.8 350.718 38 643.0 350.571 44 319.3 350.481 55
970.8 350.683 40 524.9 350.536 43 194.8 350.452 61
873.3 350.647 41 429.4 350.510 50 98.7 350.432 73
712.1 350.596 32

T=340 K

1120.5 361.961 80 717.3 361.707 34 373.7 361.506 45
1002.2 361.888 58 643.4 361.660 38 301.7 361.466 60
895.9 361.817 51 575.9 361.620 33 198.2 361.414 63
802.2 361.761 42 464.8 361.554 37 99.3 361.357 82

T=360 K

1184.0 372.878 55 762.2 372.502 45 402.1 372.202 69
1060.9 372.769 45 615.8 372.382 49 293.8 372.118 81
949.9 372.668 44 553.1 372.325 55 194.9 372.041 85
849.8 372.577 51 497.0 372.283 61 98.2 371.982 38

T=380 K

1235.0 383.389 69 720.5 382.845 37 380.9 382.481 83
1110.6 383.254 56 647.5 382.761 57 308.9 382.424 72
996.4 383.125 65 581.4 382.695 71 186.6 382.299 94
894.9 383.011 98 470.5 382.570 130 94.8 382.235 19

T=400 K

1276.8 393.531 62 793.9 392.940 56 394.8 392.471 82
1132.4 393.353 60 629.0 392.742 70 314.4 392.377 88
1004.2 393.196 57 560.1 392.660 72 223.9 392.276 95
1003.1 393.191 62 497.9 392.589 71 143.8 392.187 90
892.2 393.058 52

T=420 K

1331.9 403.383 77 811.9 402.682 68 394.0 402.136 92
1178.8 403.175 84 719.1 402.558 71 311.4 402.032 100
1039.0 402.986 67 637.7 402.450 71 220.0 401.919 108
1037.7 402.981 78 564.7 402.358 78 139.9 401.816 119
917.1 402.821 68 500.4 402.273 92

T=440 K

1386.3 412.944 50 828.8 412.130 87 393.8 411.510 125
1218.4 412.712 56 730.7 411.990 104 308.3 411.386 130
1070.9 412.489 67 644.3 411.862 100 242.0 411.293 134
1069.5 412.485 66 569.4 411.757 110 151.2 411.166 145
941.5 412.296 82 501.9 411.655 110
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gas. Using this loading procedure, a consistent composition sample was
delivered to the resonator as indicated by the same resonance frequency
being measured to 0.00001 × f after three successive loadings to the same T
and p. We point out that the sample delivered to the resonator was consis-
tent in composition; however, its absolute purity was not known.

After all measurements were completed, the sample was allowed to
warm to room temperature and was analyzed with a gas chromatograph.
The sample was found to be 99.98% pure with a 0.02% unknown by peak
area ratio. The unknown came off the column earlier than the main peak.
A portion of the NO could have reacted in the column to create the 0.02%,
or the 0.02% could have been in the sample which was studied. If the
impurity were 0.02% N2O2 by mole fraction, then the mean molar mass of
the sample would be 0.02% higher than 30.0061 gm · mol−1 resulting in
a decrease in the calculated heat capacity of less than 0.07%. The effect
of 0.02% N2O2 (by mole fraction) on the equation of state would be
insignificant.

4. IDEAL-GAS HEAT CAPACITY, C 0
p(T )

The speed-of-sound data were collected along isotherms. The acoustic
virial equation of state was fit to the data on each isotherm. The acoustic
virial equation of state is

u2=
c0RT

m
11+

ba p
RT

+
ca p2

RT
+

da p3

RT
+ · · · 2 (1)

where m is the molar mass, R=8.314472 J · mol−1 · K−1 [17] is the univer-
sal molar gas constant, T is the temperature in K (ITS-90), C0

p is the con-
stant-pressure ideal-gas heat capacity, c0=C0

p/C0
v is the zero-pressure limit

of the heat-capacity ratio, and ba, ca, and da are the temperature-dependent
acoustic virial coefficients. The constant-pressure ideal-gas heat capacity
C0

p was obtained from the fit of Eq. (1) through the relation C0
p/R=

c0/(c0 − 1).
Table III lists the resulting values for C0

p(T), ba, ca, and da for N2O
and NO. Also listed are the statistical uncertainties of each value from the
fitting. These uncertainties do not include contributions from possible
impurities; they are just a measure of the goodness of the fit.

The constant-volume ideal-gas heat capacity C0
v is the sum of the

translational (C0
v, tr), rotational (C0

v, rot), and vibrational (C0
v, vib) compo-

nents and, in some special cases, the electronic (C0
v, el) component.

C0
v=C0

v, tr+C0
v, rot+C0

v, vib+C0
v, el (2)
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Table III. Ideal-Gas Heat Capacity at Constant Pressure and Acoustic Virial Coefficients
Obtained from Fitting Each Isotherm to the Acoustic Virial Equation of State, Eq. (1)

T (K) C0
p(T) (R) ba(T) (cm3 · mol−1) ca(T) (cm6 · mol−2) da(T) (cm6 · mol−2)

Nitrous Oxide (N2O)

220 4.168 ± 0.0040 − 307.20 ± 5.90 − 31.83 ± 20.16 − 22.36 ± 21.09
240 4.296 ± 0.0008 − 254.71 ± 0.68 − 13.89 ± 1.39 − 11.06 ± 0.85
260 4.419 ± 0.0004 − 215.48 ± 0.27 − 6.66 ± 0.33 − 4.37 ± 0.12
280 4.538 ± 0.0004 − 182.27 ± 0.28 − 4.52 ± 0.36 − 1.46 ± 0.14
300 4.650 ± 0.0002 − 156.13 ± 0.17 − 2.51 ± 0.24 − 0.53 ± 0.10
320 4.756 ± 0.0003 − 136.80 ± 0.17 1.43 ± 0.25 − 1.02 ± 0.10
340 4.857 ± 0.0003 − 118.86 ± 0.24 2.58 ± 0.35 − 0.91 ± 0.15
360 4.953 ± 0.0003 − 102.87 ± 0.23 2.62 ± 0.31 − 0.63 ± 0.12
380 5.044 ± 0.0005 − 89.40 ± 0.35 2.89 ± 0.46 − 0.54 ± 0.18
400 5.131 ± 0.0003 − 78.16 ± 0.23 3.67 ± 0.31 − 0.67 ± 0.12
420 5.214 ± 0.0005 − 68.72 ± 0.37 4.86 ± 0.50 − 1.01 ± 0.20
440 5.293 ± 0.0007 − 60.00 ± 0.51 5.62 ± 0.68 − 1.27 ± 0.27
460 5.363 ± 0.0005 − 54.93 ± 0.50 8.97 ± 0.77 − 2.40 ± 0.32

Nitric Oxide (NO)

200 3.720 ± 0.00007 − 57.32 ± 0.12 0.34 ± 0.21
220 3.687 ± 0.00008 − 40.20 ± 0.11 0.77 ± 0.19
240 3.664 ± 0.00017 − 27.02 ± 0.19 0.94 ± 0.22
250 3.650 ± 0.00014 − 22.27 ± 0.14 1.47 ± 0.15
260 3.639 ± 0.00013 − 17.47 ± 0.10 1.40 ± 0.09
280 3.622 ± 0.00007 − 9.22 ± 0.07 1.32 ± 0.06
300 3.611 ± 0.00036 − 2.40 ± 0.32 1.25 ± 0.26
320 3.599 ± 0.00015 3.06 ± 0.14 1.22 ± 0.11
340 3.593 ± 0.00017 7.76 ± 0.18 1.26 ± 0.14
360 3.587 ± 0.00016 11.23 ± 0.19 1.69 ± 0.15
380 3.585 ± 0.00041 14.72 ± 0.49 1.70 ± 0.36
400 3.587 ± 0.00014 18.67 ± 0.14 1.09 ± 0.09
420 3.590 ± 0.00009 21.48 ± 0.09 0.98 ± 0.06
440 3.597 ± 0.00039 25.26 ± 0.39 0.39 ± 0.22

At the temperatures in the present work, the rotational mode is fully
excited so that C0

v, tr+C0
v, rot=2.5 R. The vibrational contribution is a sum

over all normal modes of vibration frequency ni, where i is the mode
number. The number of normal modes ni for linear molecules such as NO
and N2O is given by ni=3n − 5, where n is the number of atoms. Thus, NO
has one vibrational mode and N2O has four. The characteristic tempera-
ture of vibration is Gi=hni/kB, so C0

v, vib is given by

C0
v, vib

R
= C

nn

i=1
(Gi/T)2 exp(Gi/kT)

[exp(Gi/kT) − 1]2 (3)
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Equation (3) is an approximation, that ignores anharmonicity and rota-
tional-vibrational interactions. For a few diatomic molecules, notably O2

and NO, there is an additional electronic (C0
v, el) contribution to the specific

heat resulting from two electronic levels lying close together. Oxygen has
two distinct electronic energy levels separated by only 0.97 eV. Nitric oxide
has a ground state that is part of a multiplet with the lowest energy gap
separated by only e=0.015 eV (e=e1 − e2). The degeneracy of each state is
two, so the ratio of the degeneracies w=w2/w1 is one. For NO the elec-
tronic contribution to the specific heat is given by

C0
v, el

R
=(e/kT)2 w exp(e/kT)

[1+w exp(e/kT)]2 (4)

This contribution results in a peak in the specific heat at 74 K (5000 K
for O2).

Nitrous oxide has four normal vibrational modes (two of which are
degenerate) G1=1836.6 K, G2=G3=847.7 K, and G4=3199.4 K [18].
Using Eq. (2), the three vibrational characteristic temperatures were fit to
the heat capacities reported in Table III after subtracting 2.5 R to account
for C0

v, tr and C0
v, rot. The results of the fit were G1=1839.7 K, G2=G3=

850.8 K, and G4=3149.24 K. Equation (3) with these three parameters
represents the experimental heat capacities in Table III with a standard
relative uncertainty of 0.025%, and it also extrapolates well to temperatures
above the experimental temperature range.

Nitric oxide has only one normal vibrational mode with a characteris-
tic temperature of Gv=2738.8 K [18, 19]. However, NO also has a elec-
tronic mode as mentioned above, with a characteristic temperature of
Gel=e/k=174.24 K. Equation (2) now includes Eqs. (3) and (4), again
with C0

v, tr+C0
v, rot=2.5 R. Fitting this two-parameter equation to the C0

p

results for NO in Table III resulted in Gv=3185.8 K and Gel=211.5 K.
This fit had a standard relative uncertainty of 0.075%. This fit reproduced
our experimental values of C0

p within their uncertainty; however, in fitting
the entire speed-of-sound surface to obtain an equation of state, a slightly
better fit, statistically, was used which allowed the value of C0

v, tr+C0
v, rot to

vary from its value of 2.5 R. This resulted in the values of C0
v, tr+C0

v, rot

=2.474 R, Gv=2936.3 K, and Gel=232.54 K. This fit only had a relative
standard uncertainty of 0.02% and was used in fitting the equation of state
to the speed-of-sound surface.

Figure 1 shows the results for C0
p(T)/R for each gas. The results for

N2O agree well with the values calculated from spectroscopic measure-
ments [20–23]. The NO results show a systematic deviation. The effect of
the excited electronic state are clearly observable. One-percent uncertainty

1622 Hurly



0

4

5

Temperature, K

200 300 400 500

C
p
 /

 R

3.6

3.7

Nitrous Oxide, N
2
O

Nitric Oxide, NO

Fig. 1. Ideal-gas heat capacity at constant pressure. Nitrous
oxide: (N) Present work; (——) Eq. (2) fitted to present work;
(– · · –) Eq. (2) from Chase, Jr. [18]; (i) Braker and Mossman
[20]; (g) Westrum, Jr. et al. [21]; (h) Touloukian [22];
(j) Wagman et al. [23]; Nitric oxide: (– – –) three-parameter fit
of Eq. (2).

bars are placed on the curve for the calculated values from Ref. 18. The
present results fall within this uncertainty band, except at the lowest tem-
peratures. The cause of the difference between our observed values of
C0

p and those calculated from spectroscopic measurements is unclear. The
difference is unlikely to result from an impurity in the gas sample. An
impurity would shift the curve up or down, while Fig. 1 shows a shift to the
left. Furthermore, the impurity would have to be consistently delivered
during each sample loading, which is unlikely as evidenced by the internal
consistency of the data set.

5. VIRIAL EQUATION OF STATE

The equation of state for a gas can be expressed in the form of a virial
expansion,

p=RTr[1+B(T) r+C(T) r2+ · · · ] (5)
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where p is pressure, T is temperature, r is density, R=8.314472 J · mol−1 · K−1

[17] is the universal gas constant, and B(T) and C(T) are the second and
third density virial coefficients. B(T) expresses the effect of pairs of mole-
cules interacting on the pressure of a gas, C(T) describes three-body
interactions, and so on. The acoustic virial coefficients in Eq. (1) are
directly related to the density virial coefficients in Eq. (5) through exact
thermodynamic relations involving the density virial coefficients, their
temperature derivatives, and c0(T) [1]. Gillis and Moldover [1] showed
how Eq. (5) can be fitted directly to a u2(T, p) surface using these relation-
ships together with a model for the density virial coefficients and their
temperature dependence.

Two models for the density virial coefficients and their temperature
dependence were considered, each has advantages: the hard-core square-
well (HCSW) model and the hard-core Lennard-Jones (HCLJ) model. The
implementation of both of these models is described in detail elsewhere
[6–9]; here only the results are provided.

5.1. Hard-Core Square-Well Potential Model (HCSW)

The HCSW model is an algebraically simple representation of inter-
molecular interactions where the molecule has a infinitely repulsive wall at
radius s, with an attractive well of depth e, from s to some distance rm,
then no interactions from rm out to infinity. This simple model has the
advantage that the integral equations for the virial coefficients, which are
dependent on the potential model, can be solved exactly, resulting in expli-
cit algebraic expressions for the temperature-dependent second and third
virial coefficients [1]. Given the potential parameters, the virial coefficients
and their temperature derivatives can be easily calculated at any tempera-
ture. The functions also extrapolate reasonably well. These expressions are

B(T)=b0[1 − (l3 − 1) D]

C(T)=1
8 b2

0(5 − c1D − c2D2 − c3D3)
(6)

c1=l6 − 18l4+32l3 − 15

c2=2l6 − 36l4+32l3+18l2 − 16 (7)

c3=6l6 − 18l4+18l2 − 6

where D=exp e/(kBT) − 1 and kB is Boltzmann’s constant. The adjustable
parameters are as follows: e is the well depth, s is the hard-core diameter,
and l is the ratio of the width of the well to s. Here b0 is the molar volume
of the hard core b0=2

3 pNAs3, and NA is Avogadro’s constant. Equations
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(6) and (7) allow a u2(T, p) surface to be fitted directly to Eq. (5). As in
Ref. 1, different values of b0, e, and l were used for B(T) and C(T). This
resulted in a model having six adjustable parameters. Equations (6) and (7)
provide reasonable temperature dependences for B(T) and C(T); however,
the fitted parameters have little physical significance. The six parameters
[b0, e, and l for B(T) and b0, e, and l for C(T)] in Eqs. (6) and (7) were
fitted to the u2(T, p) surface for each gas, while C0

p was fixed at the values
given by Eq. (2) with the parameters given in Section 4.

5.1.1. Nitrous Oxide, N2O

Equation (5) was fit to the u2(T, p) surface for N2O using the HCSW
model, weighted by the s given in Table II. The u2(T, p) data set covered
sufficient densities to require the third virial coefficient. The resulting six
parameters, b0, l, and e/kB for B(T) and b0, l, and e/kB for C(T) are
given in Table VI. This six-parameter fit had 212 degrees of freedom, n,
and q2/n was 0.71, where q2=; i [f(xi) − fi]2/s2

f; and f(xi)=u2(T, p).
Figure 2 (top) shows the fractional deviation plot of the measured speeds
of sound from the HCSW equation of state. Nearly all the data are
reproduced by the equation of state to within ± 0.01%.
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Fig. 2. Deviation plot of measured speeds of sound in N2O
from the fitted virial equations of state.
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5.1.2. Nitric Oxide, NO

Equation (5) was fit to the u2(T, p) surface for NO using the HCSW
model, weighted by the s given in Table III. The u2(T, p) data set did not
cover a wide enough range of densities to require a three-parameter third
virial coefficient; however, a constant third virial coefficient was statisti-
cally significant. The resulting four parameters, b0, l, and e/kB for B(T),
and a constant for C(T) are given in Table IV. This four-parameter fit had
158 degrees of freedom, n, and q2/n was 3.52. Figure 3 (top) shows the
deviation plot of the measured speeds of sound from the HCSW equation
of state. Nearly all the data are reproduced by the equation of state to
within ± 0.01%. If the u2(T, p) data set was fit using the HCSW model
for C(T), the fitted parameters were b0=7.52231 × 10−5 (m3 · mol−1)2,
l=1.19268, and e/kB=333.92 K, and the q2/n was 3.26. This was not a
significant improvement to justify the inclusion of two additional fitting
parameters.

5.2. Hard-Core Lennard-Jones Model (HCLJ)

In this section, the square-well intermolecular potential is replaced by
the more realistic hard-core Lennard-Jones 6-12 potential [24] given by

j(rij)=4e 31 s − 2a
rij − 2a

212

−1 s − 2a
rij − 2a

264 (8)

Table IV. Potential Parameters

HCSW Parameters

B(T) (m3 · mol−1) C(T) (m3 · mol−1)2

b0 e/kB b0 e/kB

(m3 · mol−1) l (K) (m3 · mol−1) l (K)

N2O 5.2021 × 10−5 1.4842 281.33 8.0519 × 10−5 1.4087 294.56
NO 3.2178 × 10−5 1.3368 226.87 1.2969 × 10−9

HCLJ Parameters

s (nm) a (nm) e/kB (K) n123/kB (K · nm9)

N2O 0.3595 0.06281 446.77 0.005411
NO 0.3075 0.07387 323.68 0.003497
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Fig. 3. Deviation plot of measured speeds of sound in NO from
the fitted virial equations of state.

where rij is the intermolecular separation between molecules i and j, e is the
well depth, s is the value of rij where j(r) crosses zero, and a is the radius
of the hard core. This potential has three adjustable parameters: e, s, and a.
The calculation of the third virial coefficient required the inclusion of three-
body contributions. Following Trusler [25], the Axilrod–Teller triple-
dipole term [26] was included which added a fourth adjustable parameter,
n123 to the fit.

j(r123)=
n123(1+cos h1 cos h2 cos h3)

(r3
12 r3

13 r3
23)−1 (9)

where n123 is the dispersion coefficient and hi is defined as the angle sub-
tended at molecule i by molecules j and k. This is the first term in the three-
body corrections to the dispersion energy for monatomic species. The
integral equations providing the second and third virial coefficients for
spherically symmetric molecules are given by [27, 28]
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B(T)=−2pNA F
.

0
f12r2

12 dr12 (10)

C(T)=−
8p2N2

A

3
F

.

0
F

.

0
F

|r12+r13|

|r12 − r13|
(f12 f13 f23 − e12 e13 e23 f123) r12 r13 r23 dr12 dr13 dr23

(11)

where NA is Avagadro’s number, rij is the distance between molecules i and j,
eij=exp{−j(rij)/(kBT)}, fij=eij − 1, and fijk=exp{−j(rijk)/(kBT)} − 1.
Equations (10) and (11) allow us to calculate the second and third virial
coefficients and their temperature derivative for a given intermolecular
potential at a given temperature. Equations (10) and (11) were solved using
an automatic adaptive quadrature routine [29], where one can specify the
desired accuracy, which was typically set to 10−4. This setting was relaxed
for the inner integrals in Eq. (11) during the initial fitting of Eq. (5).

The HCLJ model is a superior representation of intermolecular
interactions than the HCSW model. The potential approaches infinity as
the intermolecular separation approaches zero, and the potential asymp-
totically approaches zero at large intermolecular separations. However,
both the NO and N2O molecules are linear, not spherically symmetric.
Thus, the HCLJ (and the HCSW) potentials approximate a spherical
average over all collision orientations. Because the data are reproduced
within their experimental uncertainties, we were not motivated to consider
potentials that are anisotropic or that have a more complex shape than the
HCLJ potential or a more realistic approximation to the three-body
corrections to the third virial coefficient.

With C0
p(T) given by Eq. (2) and the parameters in Section 4, four

potential parameters, e, s, a, and n123 were used to fit the virial equation of
state, Eq. (5), to the u2(T, p) surface for each gas. The more realistic HCLJ
potential has two fewer parameters than the HCSW model with B(T) and
C(T), and can be expected to more accurately extrapolate outside the
experimental temperature range. Because the second and third virial coef-
ficients are both calculated using the same potential parameters, the HCLJ
potential is indeed a model of the intermolecular interactions in the vapor.

5.2.1. Nitrous Oxide, N2O

Equation (5) was fit to the u2(T, p) surface for nitrous oxide using the
HCLJ model. The resulting fitted four-parameters, s, a, e/kB, and n123/kB

are given in Table IV. The fit had 298 degrees of freedom, n, and q2/n was
1.40. Some high-pressure (high-density) points from the isotherms below
300 K had to be excluded. Their systematic deviations showed that the
fourth virial coefficient D(T) was required to calculate densities at these
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temperatures and pressures. The HCSW model was able to compensate by
including some contribution for D(T) into B(T) and C(T). This is because
there are two additional adjustable parameters, and B(T) and C(T) are
independent, non-coupled functions. Figure 2 (bottom) shows the devia-
tions of the measured speeds of sound from the HCLJ equation of state for
N2O. The resulting equation of state still nearly reproduces all the speed-of-
sound data to within ± 0.01%. The systematic deviations in the lower tem-
perature isotherms in Fig. 2 (bottom) show evidence of the absence of a
fourth virial contribution, and its obvious change of sign between 300 and
320 K. This is reasonable and expected.

5.2.2. Nitric Oxide, NO

Equation (5) was fit to the u2(T, p) surface for nitric oxide using the
HCLJ model. The resulting fitted four parameters, s, a, e/kB, and n123/kB

are given in Table IV. The fit had 154 degrees of freedom, n, and q2/n was
3.98. The data on the 200 K isotherm above 400 kPa had to be excluded
from the fit, as systematic deviations showed that a contribution from
D(T) was required in this range of density. When the u2(T, p) data set was
fit with only B(T), large systematic deviations are observed indicating
C(T) is required. These deviations are larger in the HCLJ model than in
the HCSW model. The HCLJ is a more realistic representation of inter-
molecular interactions, making it less likely that contributions from C(T)
end up in the fitted value of B(T). The HCSW and HCLJ models for NO
use four parameters, and the HCSW fit is statistically superior, and would
provide superior densities over the experimental temperature range.
However, the HCLJ, which more accurately represents the intermolecular
interactions, will have more accurate values for the actual B(T) and C(T),
and will extrapolate better outside of the experimental temperature range.

5.2.3. Interpolation Scheme

The computation of the second and third virial coefficients and their
temperature derivatives from Eqs. (10) and (11) using the parameters in
Table IV is a numerically intensive process and is not convenient for repe-
titive calculations. Again, following the lead of Trusler [25], we provide a
look-up table for the second and third virial coefficients and their first two
derivatives, to allow for interpolation. In the look-up table, a substitution
of variables has been performed, such that temperature is presented as
reduced reciprocal temperature y=e/(kBT) where T dB

dT=−y dB
dy

and
T2 d 2B

dT2=y2 d 2B
dy2 +2y dB

dy
. In Tables V and VI the virial coefficients are also

presented in reduced (dimensionless) form where B*(T)=B(T)/b0 and
C*(T)=C(T)/b2

0 where b0=2pNAs3/3. Tables V and VI provide reduced
temperatures between 0.3 and 4.0 which correspond to approximately 91 to
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Table V. Nitrous Oxide HCLJ Reduced Virial Coefficients, where y=e/kBT and
e/kB=446.77 K and B*(T)=B(T)/(b0) and C*(T)=C(T)/(b0)2

where b0=2
3 pNAs3, s=0.3595 nm, and b0=585.976 mol · cm−3

(Numbers in parentheses are the exponents)

y B(y)*
“B(y)*

“y

“
2B(y)*
“y2

“
3B(y)*
“y3 C(y)*

“C(y)*
“y

“
2C(y)*
“y2

“
3C(y)*
“y3

0.3 5.0077(−2) − 2.3922(−1) − 2.7408(−1) 8.3789(−1) 7.5260(−3) 1.6235(−3) 2.2265(−2) 1.9269(−1)

0.4 2.4892(−2) − 2.6367(−1) − 2.2407(−1) 2.6929(−1) 7.8261(−3) 4.5953(−3) 3.5448(−2) 8.7010(−2)

0.5 − 2.5605(−3) − 2.8515(−1) − 2.0889(−1) 6.3716(−2) 8.4749(−3) 8.4770(−3) 4.1313(−2) 3.4098(−2)

0.6 − 3.2114(−2) − 3.0590(−1) − 2.0782(−1) − 3.1962(−2) 9.5331(−3) 1.2708(−2) 4.2610(−2) − 7.8399(−3)

0.7 − 6.3751(−2) − 3.2694(−1) − 2.1394(−1) − 8.6220(−2) 1.1014(−2) 1.6858(−2) 3.9633(−2) − 5.2951(−2)

0.8 − 9.7531(−2) − 3.4884(−1) − 2.2448(−1) − 1.2268(−1) 1.2887(−2) 2.0469(−2) 3.1656(−2) − 1.0894(−1)

0.9 − 1.3356(−1) − 3.7195(−1) − 2.3821(−1) − 1.5097(−1) 1.5071(−2) 2.2976(−2) 1.7269(−2) − 1.8223(−1)

1.0 − 1.7197(−1) − 3.9657(−1) − 2.5456(−1) − 1.7554(−1) 1.7421(−2) 2.3641(−2) − 5.5947(−3) − 2.7971(−1)

1.1 − 2.1293(−1) − 4.2294(−1) − 2.7327(−1) − 1.9868(−1) 1.9705(−2) 2.1481(−2) − 3.9756(−2) − 4.0972(−1)

1.2 − 2.5662(−1) − 4.5130(−1) − 2.9429(−1) − 2.2168(−1) 2.1580(−2) 1.5189(−2) − 8.8970(−2) − 5.8275(−1)

1.3 − 3.0326(−1) − 4.8187(−1) − 3.1763(−1) − 2.4536(−1) 2.2548(−2) 3.0225(−3) − 1.5818(−1) − 8.1224(−1)

1.4 − 3.5308(−1) − 5.1490(−1) − 3.4340(−1) − 2.7028(−1) 2.1912(−2) − 1.7328(−2) − 2.5387(−1) − 1.1155

1.5 − 4.0633(−1) − 5.5064(−1) − 3.7174(−1) − 2.9686(−1) 1.8709(−2) − 4.8913(−2) − 3.8449(−1) − 1.5150

1.6 − 4.6331(−1) − 5.8934(−1) − 4.0284(−1) − 3.2546(−1) 1.1623(−2) − 9.5752(−2) − 5.6103(−1) − 2.0396

1.7 − 5.2431(−1) − 6.3131(−1) − 4.3691(−1) − 3.5641(−1) − 1.1241(−3) − 1.6312(−1) − 7.9782(−1) − 2.7268

1.8 − 5.8969(−1) − 6.7683(−1) − 4.7421(−1) − 3.9004(−1) − 2.1914(−2) − 2.5794(−1) − 1.1134 − 3.6251

1.9 − 6.5981(−1) − 7.2627(−1) − 5.1502(−1) − 4.2665(−1) − 5.3924(−2) − 3.8923(−1) − 1.5319 − 4.7971

2.0 − 7.3508(−1) − 7.7997(−1) − 5.5965(−1) − 4.6659(−1) − 1.0137(−1) − 5.6879(−1) − 2.0846 − 6.3239

2.1 − 8.1596(−1) − 8.3834(−1) − 6.0846(−1) − 5.1021(−1) − 1.6980(−1) − 8.1197(−1) − 2.8120 − 8.3105

2.2 − 9.0292(−1) − 9.0181(−1) − 6.6183(−1) − 5.5789(−1) − 2.6654(−1) − 1.1387 − 3.7665 − 1.0892(1)

2.3 − 9.9651(−1) − 9.7087(−1) − 7.2019(−1) − 6.1004(−1) − 4.0119(−1) − 1.5751 − 5.0161 − 1.4245(1)

2.4 − 1.0973 − 1.0460 − 7.8400(−1) − 6.6711(−1) − 5.8632(−1) − 2.1547 − 6.6488 − 1.8596(1)

2.5 − 1.2059 − 1.1279 − 8.5379(−1) − 7.2958(−1) − 8.3835(−1) − 2.9214 − 8.7783 − 2.4239(1)

2.6 − 1.3231 − 1.2170 − 9.3012(−1) − 7.9800(−1) − 1.1787 − 3.9318 − 1.1552(1) − 3.1555(1)

2.7 − 1.4496 − 1.3141 − 1.0136 − 8.7293(−1) − 1.6353 − 5.2596 − 1.5161(1) − 4.1036(1)

2.8 − 1.5862 − 1.4200 − 1.1049 − 9.5503(−1) − 2.2443 − 7.0001 − 1.9853(1) − 5.3322(1)

2.9 − 1.7339 − 1.5354 − 1.2049 − 1.0450 − 3.0531 − 9.2768 − 2.5947(1) − 6.9240(1)

3.0 − 1.8937 − 1.6613 − 1.3142 − 1.1436 − 4.1229 − 1.2250(1) − 3.3857(1) − 8.9862(1)

3.1 − 2.0666 − 1.7986 − 1.4339 − 1.2517 − 5.5331 − 1.6127(1) − 4.4122(1) − 1.1658(2)

3.2 − 2.2538 − 1.9484 − 1.5649 − 1.3702 − 7.3872 − 2.1176(1) − 5.7436(1) − 1.5120(2)

3.3 − 2.4567 − 2.1120 − 1.7083 − 1.5001 − 9.8188 − 2.7745(1) − 7.4702(1) − 1.9606(2)

3.4 − 2.6767 − 2.2906 − 1.8653 − 1.6425 − 1.3002(1) − 3.6286(1) − 9.7089(1) − 2.5419(2)

3.5 − 2.9154 − 2.4856 − 2.0373 − 1.7988 − 1.7161(1) − 4.7384(1) − 1.2611(2) − 3.2956(2)

3.6 − 3.1744 − 2.6986 − 2.2256 − 1.9701 − 2.2589(1) − 6.1795(1) − 1.6374(2) − 4.2729(2)

3.7 − 3.4557 − 2.9313 − 2.4319 − 2.1581 − 2.9663(1) − 8.0504(1) − 2.1254(2) − 5.5404(2)

3.8 − 3.7614 − 3.1856 − 2.6578 − 2.3643 − 3.8875(1) − 1.0478(2) − 2.7581(2) − 7.1850(2)

3.9 − 4.0936 − 3.4636 − 2.9054 − 2.5905 − 5.0860(1) − 1.3629(2) − 3.5787(2) − 9.3193(2)

4.0 − 4.4550 − 3.7675 − 3.1767 − 2.8388 − 6.6444(1) − 1.7717(2) − 4.6431(2) − 1.2090(3)
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Table VI. Nitric Oxide HCLJ Reduced Virial Coefficients, where y=e/kBT and
e/kB=323.677 K and B*(T)=B(T)/(b0) and C*(T)=C(T)/(b0)2 where

b0=2
3 pNAs3, s=0.3075 nm, and b0=366.7307 mol · cm3

(Numbers in parentheses are the exponents)

y B(y)*
“B(y)*

“y

“
2B(y)*
“y2

“
3B(y)*
“y3 C(y)*

“C(y)*
“y

“
2C(y)*
“y2

“
3C(y)*
“y3

0.3 8.0016(−2) − 3.8223(−1) − 4.3793(−1) 1.3388 1.9215(−2) 4.1451(−3) 5.6845(−2) 4.9196(−1)

0.4 3.9774(−2) − 4.2129(−1) − 3.5803(−1) 4.3028(−1) 1.9981(−2) 1.1732(−2) 9.0502(−2) 2.2214(−1)

0.5 − 4.0913(−3) − 4.5562(−1) − 3.3377(−1) 1.0181(−1) 2.1637(−2) 2.1643(−2) 1.0548(−1) 8.7055(−2)

0.6 − 5.1312(−2) − 4.8878(−1) − 3.3206(−1) − 5.1070(−2) 2.4339(−2) 3.2444(−2) 1.0879(−1) − 2.0016(−2)

0.7 − 1.0186(−1) − 5.2240(−1) − 3.4185(−1) − 1.3777(−1) 2.8119(−2) 4.3039(−2) 1.0119(−1) − 1.3519(−1)

0.8 − 1.5584(−1) − 5.5738(−1) − 3.5869(−1) − 1.9602(−1) 3.2901(−2) 5.2258(−2) 8.0821(−2) − 2.7814(−1)

0.9 − 2.1341(−1) − 5.9431(−1) − 3.8062(−1) − 2.4122(−1) 3.8477(−2) 5.8659(−2) 4.4089(−2) − 4.6525(−1)

1.0 − 2.7478(−1) − 6.3365(−1) − 4.0674(−1) − 2.8048(−1) 4.4477(−2) 6.0357(−2) − 1.4284(−2) − 7.1413(−1)

1.1 − 3.4023(−1) − 6.7579(−1) − 4.3665(−1) − 3.1746(−1) 5.0309(−2) 5.4844(−2) − 1.0150(−1) − 1.0461

1.2 − 4.1004(−1) − 7.2110(−1) − 4.7022(−1) − 3.5421(−1) 5.5095(−2) 3.8779(−2) − 2.2715(−1) − 1.4878

1.3 − 4.8457(−1) − 7.6995(−1) − 5.0752(−1) − 3.9205(−1) 5.7567(−2) 7.7168(−3) − 4.0385(−1) − 2.0737

1.4 − 5.6417(−1) − 8.2273(−1) − 5.4870(−1) − 4.3186(−1) 5.5944(−2) − 4.4239(−2) − 6.4816(−1) − 2.8480

1.5 − 6.4926(−1) − 8.7983(−1) − 5.9399(−1) − 4.7433(−1) 4.7766(−2) − 1.2488(−1) − 9.8163(−1) − 3.8679

1.6 − 7.4029(−1) − 9.4168(−1) − 6.4367(−1) − 5.2003(−1) 2.9674(−2) − 2.4446(−1) − 1.4324 − 5.2073

1.7 − 8.3776(−1) − 1.0087 − 6.9812(−1) − 5.6949(−1) − 2.8698(−3) − 4.1647(−1) − 2.0369 − 6.9618

1.8 − 9.4223(−1) − 1.0815 − 7.5772(−1) − 6.2321(−1) − 5.5949(−2) − 6.5853(−1) − 2.8426 − 9.2552

1.9 − 1.0543 − 1.1605 − 8.2292(−1) − 6.8172(−1) − 1.3767(−1) − 9.9373(−1) − 3.9112 − 1.2247(1)

2.0 − 1.1745 − 1.2463 − 8.9424(−1) − 7.4554(−1) − 2.5879(−1) − 1.4522 − 5.3223 − 1.6146(1)

2.1 − 1.3038 − 1.3395 − 9.7222(−1) − 8.1523(−1) − 4.3351(−1) − 2.0730 − 7.1793 − 2.1217(1)

2.2 − 1.4427 − 1.4409 − 1.0575 − 8.9142(−1) − 6.8050(−1) − 2.9073 − 9.6163 − 2.7809(1)

2.3 − 1.5923 − 1.5513 − 1.1507 − 9.7474(−1) − 1.0243 − 4.0213 − 1.2807(1) − 3.6369(1)

2.4 − 1.7533 − 1.6714 − 1.2527 − 1.0659 − 1.4969 − 5.5012 − 1.6975(1) − 4.7477(1)

2.5 − 1.9269 − 1.8021 − 1.3642 − 1.1658 − 2.1404 − 7.4585 − 2.2412(1) − 6.1884(1)

2.6 − 2.1141 − 1.9446 − 1.4862 − 1.2751 − 3.0093 − 1.0038(1) − 2.9494(1) − 8.0562(1)

2.7 − 2.3162 − 2.0998 − 1.6196 − 1.3948 − 4.1750 − 1.3428(1) − 3.8708(1) − 1.0477(2)

2.8 − 2.5345 − 2.2689 − 1.7655 − 1.5260 − 5.7300 − 1.7872(1) − 5.0686(1) − 1.3614(2)

2.9 − 2.7705 − 2.4533 − 1.9252 − 1.6697 − 7.7949 − 2.3684(1) − 6.6244(1) − 1.7678(2)

3.0 − 3.0258 − 2.6545 − 2.0999 − 1.8273 − 1.0526(1) − 3.1275(1) − 8.6440(1) − 2.2943(2)

3.1 − 3.3020 − 2.8739 − 2.2912 − 2.0000 − 1.4127(1) − 4.1172(1) − 1.1265(2) − 2.9764(2)

3.2 − 3.6012 − 3.1133 − 2.5005 − 2.1893 − 1.8860(1) − 5.4063(1) − 1.4664(2) − 3.8602(2)

3.3 − 3.9254 − 3.3746 − 2.7296 − 2.3969 − 2.5068(1) − 7.0836(1) − 1.9072(2) − 5.0055(2)

3.4 − 4.2769 − 3.6599 − 2.9805 − 2.6245 − 3.3195(1) − 9.2642(1) − 2.4788(2) − 6.4898(2)

3.5 − 4.6583 − 3.9715 − 3.2553 − 2.8741 − 4.3814(1) − 1.2097(2) − 3.2198(2) − 8.4140(2)

3.6 − 5.0722 − 4.3119 − 3.5561 − 3.1479 − 5.7671(1) − 1.5777(2) − 4.1805(2) − 1.0909(3)

3.7 − 5.5217 − 4.6837 − 3.8857 − 3.4483 − 7.5732(1) − 2.0553(2) − 5.4262(2) − 1.4145(3)

3.8 − 6.0101 − 5.0901 − 4.2468 − 3.7778 − 9.9251(1) − 2.6752(2) − 7.0416(2) − 1.8344(3)

3.9 − 6.5410 − 5.5342 − 4.6423 − 4.1392 − 1.2985(2) − 3.4796(2) − 9.1366(2) − 2.3793(3)

4.0 − 7.1183 − 6.0198 − 5.0758 − 4.5359 − 1.6964(2) − 4.5233(2) − 1.1854(3) − 3.0867(3)
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1222 K for NO and 111 to 1490 K for NO2. These ranges greatly exceed
our experimental temperature ranges; however, they are reasonable
extrapolations based on our experience with CF4 and C2F6 and Trusler’s
experience with C3H8.

6. DISCUSSION

Figures 4 and 5 compare the second and third virial coefficients for
each gas for each model, and include any previously published data.
Figure 4 (top) shows the second virial coefficient for N2O, and that the
values for B(T) from the HCSW and HCLJ models are indistinguishable
except near 200 K. Dymond and Smith [30] observed that there are a
number of discrepancies in the older reported values of the second virial
coefficient of N2O, but since 1960 they are in good agreement. They
provide recommended smoothed values with uncertainty levels from 240 to
400 K. Our current results agree with their recommended values to within
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Fig. 4. Virial coefficients for N2O: (——) HCLJ; (– · · –) HCSW;
(n) Couch et al. [31]; (i) Schamp et al. [32]; (g) Johnston and
Weimer [34]; (h) Bousheri et al. [15]; (j) Cawood and Patterson
[35]; (V) Kirouac and Bose [33]; and (N) smoothed values of
Dymond and Smith [30].
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these uncertainty levels. The results of Couch et al. [31], Schamp et al.
[32], and Kirouac and Bose [33] were published after 1960 and agree with
the present results. Johnston and Weimer [34] results from 1934 extend
down to 200 K, but appear to be low, and Cawood and Patterson [35]
results from 1937 appear slightly high. Boushehri et al. [15] in 1987 pre-
dicted values for B(T) from a corresponding states theory. These extend
to higher temperatures, and agree with our extrapolated values. Figure 4
(lower) shows the third virial coefficient, C(T) for N2O. Only Schamp
et al. [32] have previously reported C(T) results. These results agree with
ours, particularly for the HCLJ model. The HCSW and HCLJ models
agree above room temperature, but at the lower temperatures the HCSW
goes negative before the HCLJ model. At the lower temperatures B(T) for
the HCSW is larger than for the HCLJ, showing how the HCSW C(T)
compensates. The B(T) and C(T) in the HCSW model are not coupled,
each having three independent variables, while the HCLJ model uses the
same ‘‘potential’’ for both B(T) and C(T).

Figure 5 (top) shows the second virial coefficient for NO; the values
for B(T) from the HCSW and HCLJ models are indistinguishable on this

C
( T

),
 c

m
6
. k

m
o

l-2

-0.08

-0.04

0.00

Temperature, K

200 300 400 500

B
( T

),
 c

m
3
. k

m
o

l-1

-5

0

5

Nitric Oxide, NO

Fig. 5. Virial Coefficients for NO: (——) HCLJ; (– · · –) HCSW;
(i) Johnston and Weimer [34]; (g) Golding and Sage [36];
(h) Bousheri et al. [15].
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scale. Johnston and Weimer in 1934 [34] reported values for B(T) from
120 to 274 K; for N2O their results were consistently too low, and for NO
they are consistently too high. Golding and Sage [36] in 1951 reported two
values at 277.6 and 310.9 K, which agree with our current results. No
experimental results for B(T) for NO have been published since 1951;
however, Boushehri et al. [15] also predicted values for B(T) for NO from
a corresponding states theory. Their predicted values appear good at room
temperature, but too high above and below room temperature. Golding
and Sage [36] provide the only reported values for C(T). Their results
agree with both the HCLJ and the constant HCSW values over the limited
temperature range.
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