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# 1 FEE NO O TARRSIRESLA Ay gL (AL cm Y)

Table 1.  Comparison of different vibrational levels of NO in the ground state (in cm ).
v ESP 7] EMCSCF 1] EVAM ESP — EMCSCF ESP — EYAM v EYAM
0 948.50 948.60 948.50 -0.10 0 26 40240.70
1 2824.50 2824.60 2824.50 -0.10 0 27 41310.84
2 4627.30 4672.40 4672.27 -45.10 —44.97 28 42340.94
3 6491.90 6492.10 6491.90 -0.20 0 29 43329.70
4 8283.50 8283.90 8283.43 -0.40 0.07 30 44275.74
5 10046.90 10047.80 10046.90 -0.90 0 31 45177.59
6 11782.30 11783.70 11782.30 —1.40 0 32 46033.69
7 13489.40 13491.70 13489.60 -2.30 -0.20 33 46842.41
8 15171.80 15168.73 34 47602.00
9 16823.90 16819.60 35 48310.62
10 18448.00 18442.06 36 48966.35
11 20044.00 20035.93 37 49567.15
12 21611.80 21600.99 38 50110.90
13 23151.30 23136.97 39 50595.35
14 24662.40 24643.56 40 51018.15
15 26144.80 26120.38 41 51376.86
16 27598.50 27567.04 42 51668.92
17 29023.20 28983.04 43 51891.64
18 30367.88 44 52042.23
19 31720.95
20 33041.62
21 34329.18
22 35582.84
23 36801.78
24 37985.07
25 39131.73
D¢ 52155.68 D¢ 52155.68
W EyAM RV AMIT TR B0 B S5 0 4R 21 RE S H SRR A7 .
— 5.25
5.0 Exp.
VAM >-20
= 4.0 _ 5.15
£ g
2 3.0 S 510
2 2
> T 505F TS
R 50 R
5.00p T
10— 1
4.95
0t | 4.90—L : .
NOX}:ZS NOJ:Z
1 VAM 5844k 3 B 2R 290 e G X L

Fig. 1. Comparison between the VAM full vibrational energies and experimental ones.
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# 2 i RKR, MCSCF, SHO il VAM =37
Yt EE R NRE (B4 J-K Lmol 1)

Table 2.
RKR, MCSCF, SHO, and VAM vibrational energies
as the vibrational contributions, respectively (in
J-K tmol ).

Calculated molar internal energy using

T/K URkr Usicscr Usiio Uikm
1000 21.28 21.28 21.27 21.28
1100 22.61 22.61 22.59 22.61
1200 23.98 23.99 23.95 23.98
1300 25.39 25.40 25.34 25.39
1400 26.84 26.84 26.77 26.84
1500 28.31 28.31 28.23 28.31
1600 29.80 29.80 29.70 29.80
1700 31.31 31.31 31.20 31.31
1800 32.84 32.84 32.71 32.84
1900 34.38 34.39 34.24 34.38
2000 35.94 35.94 35.77 35.94
2100 37.51 37.51 37.32 37.51
2200 39.09 39.09 38.88 39.09
2300 40.68 40.68 40.45 40.68
2400 42.28 42.28 42.03 42.28
2500 43.89 43.89 43.61 43.89
2600 45.50 45.50 45.19 45.50
2700 47.12 47.12 46.79 47.12
2800 48.75 48.75 48.38 48.75
2900 50.38 50.38 49.99 50.38
3000 52.01 52.01 51.59 52.01
3100 53.66 53.65 53.20 53.66
3200 55.30 55.30 54.81 55.30
3300 56.95 56.95 56.43 56.95
3400 58.60 58.60 58.05 58.60
3500 60.26 60.26 59.67 60.26
3600 61.92 61.92 61.29 61.92
3700 63.58 63.58 62.91 63.59
3800 65.25 65.24 64.54 65.25
3900 66.91 66.91 66.17 66.92
4000 68.58 68.58 67.80 68.60
4100 70.26 70.25 69.43 70.27
4200 71.93 71.93 71.07 71.95
4300 73.61 73.61 72.70 73.63
4400 75.29 75.28 74.34 75.32
4500 76.97 76.96 75.97 77.01
4600 78.65 78.64 77.61 78.69
4700 80.33 80.32 79.25 80.39
4800 82.01 82.01 80.89 82.08
4900 83.69 83.69 82.53 83.78
5000 85.38 85.37 84.17 85.48
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Table 3. Calculated molar entropy using RKR,
MCSCF, SHO, and VAM vibrational energies as

the vibrational contributions, respectively (in
J-K-mol™).

T/K SRkr Sticscr S§ho S¥am
1000 60.50 60.50 60.42 60.50
1100 61.76 61.76 61.67 61.76
1200 62.96 62.96 62.86 62.96
1300 64.09 64.09 63.97 64.09
1400 65.16 65.16 65.03 65.16
1500 66.17 66.17 66.03 66.17
1600 67.13 67.13 66.99 67.13
1700 68.05 68.05 67.89 68.05
1800 68.92 68.92 68.76 68.92
1900 69.76 69.76 69.58 69.76
2000 70.56 70.56 70.37 70.56
2100 71.32 71.32 71.13 71.32
2200 72.06 72.06 71.85 72.06
2300 72.77 72.77 72.55 72.77
2400 73.45 73.45 73.22 73.45
2500 74.10 74.10 73.87 74.10
2600 74.73 74.73 74.49 74.73
2700 75.35 75.35 75.09 75.35
2800 75.94 75.94 75.67 75.94
2900 76.51 76.51 76.23 76.51
3000 77.06 77.06 76.78 77.06
3100 77.60 77.60 77.30 77.60
3200 78.12 78.12 77.82 78.12
3300 78.63 78.63 78.31 78.63
3400 79.12 79.12 78.80 79.13
3500 79.60 79.60 79.27 79.61
3600 80.07 80.07 79.72 80.07
3700 80.53 80.53 80.17 80.53
3800 80.97 80.97 80.60 80.97
3900 81.41 81.40 81.03 81.41
4000 81.83 81.83 81.44 81.83
4100 82.24 82.24 81.84 82.25
4200 82.65 82.64 82.24 82.65
4300 83.04 83.04 82.62 83.05
4400 83.43 83.42 83.00 83.43
4500 83.80 83.80 83.36 83.81
4600 84.17 84.17 83.72 84.18
4700 84.53 84.53 84.08 84.55
4800 84.89 84.89 84.42 84.90
4900 85.24 85.23 84.76 85.25
5000 85.58 85.57 85.09 85.60
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Table 4.  Comparisons of different molar capacities with observed experimental Cexp (in J-K!-mol™).

T/K Cexp Cikr Cratscr Cio C¥Am ORKR ™ Smcscr” OsHO © dvam?
1000 13.20 13.04 13.04 10.72 13.04 1.22% 1.22% 18.82% 1.22%
1100 13.68 13.52 13.52 11.24 13.52 1.18% 1.18% 17.85% 1.18%
1200 14.09 13.93 13.93 11.73 13.93 1.16% 1.16% 16.77% 1.16%
1300 14.44 14.27 14.27 12.17 14.27 1.17% 1.17% 15.69% 1.17%
1400 14.74 14.56 14.56 12.58 14.56 1.19% 1.19% 14.66% 1.19%
1500 14.99 14.81 14.81 12.94 14.81 1.21% 1.21% 13.70% 1.21%
1600 15.22 15.03 15.03 13.26 15.03 1.23% 1.23% 12.83% 1.23%
1700 15.41 15.22 15.21 13.55 15.22 1.26% 1.26% 12.04% 1.26%
1800 15.58 15.38 15.38 13.81 15.38 1.29% 1.29% 11.35% 1.29%
1900 15.73 15.52 15.52 14.04 15.52 1.33% 1.33% 10.73% 1.33%
2000 15.86 15.65 15.64 14.25 15.65 1.36% 1.37% 10.18% 1.36%
2100 15.98 15.76 15.76 14.43 15.76 1.41% 1.41% 9.71% 1.41%
2200 16.09 15.86 15.86 14.59 15.86 1.45% 1.45% 9.29% 1.45%
2300 16.18 15.95 15.94 14.74 15.95 1.48% 1.49% 8.92% 1.48%
2400 16.27 16.03 16.03 14.88 16.03 1.52% 1.53% 8.59% 1.52%
2500 16.35 16.10 16.10 15.00 16.10 1.56% 1.57% 8.31% 1.56%
2600 16.43 16.17 16.17 15.10 16.17 1.61% 1.61% 8.07% 1.61%
2700 16.50 16.23 16.23 15.20 16.23 1.65% 1.65% 7.85% 1.65%
2800 16.56 16.28 16.28 15.29 16.28 1.69% 1.70% 7.67% 1.69%
2900 16.62 16.34 16.33 15.38 16.34 1.74% 1.74% 7.51% 1.73%
3000 16.68 16.38 16.38 15.45 16.39 1.77% 1.78% 7.37% 1.77%
3100 16.73 16.43 16.43 15.52 16.43 1.82% 1.83% 7.25% 1.80%
3200 16.78 16.47 16.47 15.58 16.47 1.87% 1.88% 7.16% 1.85%
3300 16.83 16.51 16.51 15.64 16.51 1.91% 1.92% 7.08% 1.88%
3400 16.88 16.55 16.54 15.69 16.55 1.96% 1.97% 7.01% 1.92%
3500 16.92 16.58 16.58 15.74 16.59 2.01% 2.02% 6.96% 1.95%
3600 16.96 16.61 16.61 15.79 16.62 2.06% 2.07% 6.91% 1.99%
3700 17.00 16.64 16.64 15.83 16.66 2.12% 2.13% 6.89% 2.03%
3800 17.04 16.67 16.67 15.87 16.69 2.18% 2.19% 6.86% 2.06%
3900 17.08 16.69 16.69 15.91 16.72 2.24% 2.25% 6.85% 2.09%
4000 17.11 16.72 16.71 15.94 16.75 2.31% 2.32% 6.85% 2.13%
4100 17.15 16.74 16.74 15.97 16.78 2.38% 2.40% 6.86% 2.16%
4200 17.18 16.76 16.75 16.00 16.81 2.46% 2.48% 6.86% 2.18%
4300 17.21 16.77 16.77 16.03 16.83 2.55% 2.57% 6.88% 2.21%
4400 17.24 16.79 16.79 16.05 16.86 2.64% 2.66% 6.90% 2.24%
4500 17.28 16.80 16.80 16.08 16.89 2.74% 2.76% 6.93% 2.26%
4600 17.31 16.81 16.81 16.10 16.91 2.85% 2.86% 6.96% 2.29%
4700 17.34 16.82 16.82 16.12 16.94 2.96% 2.99% 7.00% 2.31%
4800 17.36 16.83 16.83 16.14 16.96 3.09% 3.11% 7.04% 2.32%
4900 17.39 16.83 16.83 16.16 16.99 3.22% 3.25% 7.08% 2.35%
5000 17.42 16.84 16.83 16.18 17.01 3.37% 3.38% 7.13% 2.36%

T a, 6rkr = |Coxp — CElig| /Coxp X 100% ; b, Smcscr = [Cexp — Clttger| /Cexp X 100% 5 ¢, Ss10 = |Cexp — Cia | /Cexp x 100% ;
d76VAM = |Cexp — Cgfa/l\M| /Cexp x 100%.
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Theoretical study on thermodynamic properties of NO gas®
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Abstract

Nitric oxide (NO) is one of atmospheric molecules of interest and has attracted considerable attention due
to its important role in the chemical process taking place in a flow field of hypersonic vehicle, in which the
thermodynamic properties are required in the calculation of the aerothermodynamic flow field. Moreover, the
total internal partition function is the key to calculating the thermodynamic properties of high-temperature
gases. For diatomic molecules, according to the product approximation, the total internal partition function is
split into three parts: electronic, vibration and rotation partition function. In this paper, by using the quantum
statistical ensemble theory based on some classical thermodynamic and statistical formulae, the thermodynamic
properties of NO are analyzed and discussed.

Firstly, in order to obtain an accurate energy of molecule, the variational algebraic method (VAM) is
employed to calculate the full vibrational energy, the resultis in good agreement with the experimental result
and thus yielding the realistic predictions of the unobserved higher vibrational energy that converges to the
dissociation limit. Secondly, an attempt is to use the full VAM vibrational energy, the Rydberg-Klein-Rees
(RKR) vibrational energy, the simple Harmonic oscillator (SHO) model and the quantum-mechanical
vibrational energy obtained by the multiconfiguration self-consistent-field (MCSCF) to calculate the vibrational
partition function. Then, with the rotational contributions from the Miiller-McDowell formula, the internal
partition function can be determined by combining the product of electronic, vibration and rotation partition
functions. Thirdly, according to the thermodynamic and statistical formulae, it is easy to calculate the internal
energy, entropy and heat capacity for the NO molecule in a range of 1000— 5000 K. Comparison of different
calculated heat capacities with the experimental ones reveals the heat capacity, of which vibrational
contributions determined by the full VAM vibrational energy accord better with the experimental ones, with
the maximum relative error being no more than 2.4%, whereas it can be seen that those thermodynamic results
evaluated from the SHO model attest to a failure for the summation of infinite vibrational energy. The
thermodynamic results of NO may have proper applications in areas that can be of great importance in

theoretical and (or) experimental aspects.
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