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Abstract — This study was conducted to suggest the highly accurate calculation method of sonic velocity, specific heat and
enthalpy widely used in the natural gas industry. The equations of these properties for natural gas were derived, Macfall’s egs.
(uncertainty +0.05%) and AGA 8-DC(*94) egs. (uncertainty +0.1%) were used for predicting the ideal gas properties and compress-
ibility of naturd gas needed to solve the equations. To verify the uncertainty of the calculated values, the sonic velocity was
compared to the experimental data and the uncertainty analyses using the relative sensitivity method were performed for spe-
cific heat and enthal py. The results showed that these properties were accurately predicted near +0.1% in most flow conditions
of naturd gas.
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Table 1. Ideal gas property coefficients for key congtituents of NG in Macfall's model
CH, CoHg CaHg N, CO, H,S
A —29776.4 -37524.1 -56072.1 —3495.34 20.73070 -10085.4
B; 7.954540 7.981390 8.143190 6.955870 6.962370 7.946800
G 43.94170 24.36680 37.06290 0.272890 2.686450 -0.08380
D; 1037.090 752.3200 735.4020 662.7380 500.3710 433.8010
E 1.563730 3.539900 9.381590 -0.29132 —2.56429 2.855390
F 813.2050 272.8460 247.1900 —680.562 -530.443 843.7920
G —24.9027 8.447240 13.45560 1.789800 3.919210 6.315950
H; 1019.980 1020.130 1454.780 1740.060 500.1980 1481.430
l; -10.1601 -13.2732 -11.7342 0.000000 2.132900 —2.88457
J 1070.140 869.5100 984.5180 100.0000 2197.220 1102.230
K —20.0615 —22.4010 —24.0426 4.498230 5.813810 —0.51551
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Table 2. Ideal gas property coefficients for heavy constituents of NG in Aly-L ee model

1-CqHyo N-C4Hyo I-CsHyp N-CgHy, N-CgHy4 N-C;Hy6 T N-CoHzo H,0
A -72387.0 —72674.8 -91505.5 -83845.2 -94982.5 -103353. -109676. -122599. -137731
B, 17.8143 18.6383 21.3861 225012 26.6225 30.4029 34.0847 38.5014 7.97183
G 58.2062 57.4178 74.3410 69.5789 80.3819 90.6941 100.253 111.446 6.27078
D; 1787.39 1792.73 1701.58 1719.58 1718.49 1669.32 1611.55 1646.48 2572.63
E; 40.7621 38.6599 47.0587 46.2164 55.6598 63.2028 69.7675 80.5015 2.05010
F 808.645 814.151 775.899 802.174 802.069 786.001 768.847 781.588 1156.72
G —-44.1341 -46.1938 -60.2474 —62.2197 —77.5366 -92.0164 -106.149 —122.444 —3.24989
A, inca/mole, B; in ca/mole-K; C; in ca/mole-K, D; inK; E; in cal/mole-K, F inK
G;inca/moleK, H; inK, [;inca/mole-K, J incd, K; in cal/mole-K
Table 3. Classification of Y° and AY
\a AY Uncertainty of Y,
Specific heat at constant pressure, Cp S Remainder terms +0.05% of reading
Specific heat at constant volume, C, ° R Remainder terms +0.05% of reading
Enthalpy. H H° Remainder terms +0.05% of reading

Uncertainty of compressibility is+0.1% within the range defined in clause 3 except a 250 K. At 250 K, the uncertainty is+0.3%
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Table 4. Natural gas compositions in mole percent for tes

Component Anmrillo Gas ® Statoil Gas ®
Methane 90.708 83.980
Ethane 4491 13.475
Propane 0.815 0.943
Normal butane 0.141 0.067
|sobutane 0.106 0.040
Normal pentane 0.065 0.008
| sopentane 0.027 0.013
Normal hexane 0.034 -
Nitrogen 3.113 0.718
Carbon dioxide 0.500 0.756

Uncertainties of gas analysis are average +0.1%
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Fig. 1. (@ Comparison of sonic velocity of Gas @ between this study
and NIST measurement data. (b) Comparison of sonic velocity
of Gas ® between this study and NIST measurement data.
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Table 6. Calculation results of specific heat at congtant pressure for Gas ®

Temperature Pressures Gas® Gas®
(K) (MPa) (m/s) (m/s)
250 0.1 392.651 380.332

5.0 361.581 339.159

10.0 370.635 359.739

273 0.1 409.271 396.273
5.0 388.214 367.703

10.0 391.903 370.199

300 0.1 427.404 413.676
50 414.263 394.776

10.0 418.336 396.020

Temperature Pressures Specific heat at constant pressure
(K) (MPa) (IYmol-K)
250 01 36.5021

5.0 55.4796

10.0 98.9814

273 0.1 37.3608
5.0 49,0304

10.0 70.9576

300 0.1 38.5871
5.0 46.3408

10.0 57.7468
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Fig. 4. Predictions of specific heat, C, at different pressures and tem-
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Fig. 5. Uncertainties of predictions of specific heat, C, at different pres-
sures and temperaures for Gas ®.
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Fig. 7. Uncertainties of predictions of enthalpy at different pressures
and temperaures for Gas ®.

Table 7. Calculation results of enthalpy for Gas ®

Temperature Pressures Specific heat a constant pressure
(K) (MPa) (IJmol)
250 0.1 8485.85

5.0 6842.89

10.0 4549.78

273 0.1 9334.93
5.0 8032.25

10.0 6466.52

300 0.1 10359.7
5.0 9313.14

10.0 8173.84
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Table 8. International comparison result of Critical Flow Factor S(CFF)

—
) AMPe) ) Og:; o(fj : Devigtion(%)t, O

GDF K-Lab? NEL® SwRI* NOVAS

273.15 0.1 0.66743 -0.0003 -0.0505 -0.0002 0.0011 -0.0509

2.0 0.68866 -0.0016 -0.0610 -0.0014 0.0059 -0.0620

5.0 0.73225 -0.0010 -0.0787 -0.0008 0.0043 -0.0770

8.0 0.79402 -0.0018 -0.1004 -0.0014 0.0869 -0.0179

10.0 0.84614 -0.0014 -0.1110 -0.0009 0.2857 0.1652

293.15 0.1 0.66583 -0.0014 -0.0284 -0.0014 0.0002 -0.0284

20 0.68245 -0.0009 -0.0319 -0.0008 0.0147 -0.0246

5.0 0.71414 -0.0014 -0.0405 -0.0013 0.0319 -0.0115

8.0 0.75399 -0.0015 -0.0491 -0.0012 0.1046 0.0438

10.0 0.78503 -0.0015 -0.0545 -0.0013 0.1789 0.1256

'GDF: Gas de France(France), 2K-Lab: Karsto Metering & Technology Laboratory(Norway), 3NEL: National Engineering Laboratory(England), “SwRI(Southwest
Research Ingtitute, USA), SNOVA: Canada gas company(Canada)
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Table8S- 98-99 0] 1SO F# o &8 FaE UAF-FIA o] =AH| a : sonic velocity [m/s]
A7) AARFEUAA AlLtole &4, HE, gy, JEZT)4 b,  :equation of state parameter [-]
o] ¥ AHE-Eed B FAHKOGASY) ol & Alste uj A7 SAA A B : second virial coefficient [m®/mol]
RS T2 ARSI v AAE AR BE 2% ¢ GDF c, : equation of state parameter [-]
¢} NELZ A#els dX8-2 & &= ok, zeh} K-Labahs 10 MPeellA] (0w : coefficients which are functions of composition [-]
At -01% H=xto] vhH SwRISH NOVAS] A tebe 2t -029%, C, : specific heat at constant pressure [Jmol-K]
0179714 7zt zpol7) ik, GAF-FAAE Fele WS 4 71 C, : specific heat at constant volume [J/mol-K]
o] BFal#] ot o]t 2polo hdle] ojtiA HIZH A & + D : reduced density [-]

o, F A9e A I S5 AoloM HIREE Zlog At H : enthalpy [Jmol]
b, 2eu gukdo g AaArtae] 8% 270 8 MP]slERE AL K, : equation of state parameter [-]
7rereld B £01% o E AXstta B 4 9o wup B o K : size parameter [MJ - m7]
T EGALE e gYsltial B ¢ o m : number of NG components
M : molar mass of NG [kg/moal]
5 & =2 P : absolute pressure [Pd]
S : entropy [Ymol-K]

E AdM e AAvts AEAA NN dast IH= 24 1Y, T : absolute temperature [K]
dgw] AA WS Arearat gt o) & 8 AT 71 A g et R : universal gas constant [Jmol-K]
thal 47l AGA 8-DC el A 21-& ARESIaL AA7F2=e] &4, 1] U : uncertainty [-]

g, devag fEglon o) 7[Ale] 4% B3 % £0.05% ZdS TR : equation of state parameter [-]
ARGk w3 Aldkd B4 0] B E gl f18, 55 A8 w : weighting factor (0<w=1) []
APzt vwglon vgy) dEys Ew B4E st 2 2 X : mole fraction of NG [-]
U e HES A2 4 I z : compressibility factor [-]

A, &AL B £ AP 2% 250KE Al9shaL
£ BT £0.1% U922 1A}, 250 KellAje] B el u} Jajo|A =Xt
Z th2A Ve, 35 Sl 29 7iazAdS 7ekslE 5MPa K : specific heat ratio(=Co/C,) [-]
AT B3w iOl% ol Z FAFHI o] FHEE £01%E A p : molar density [kmol/m?]
gleicty v elge Ao b2 : summation [-]

=4, AAHYe] 2P E BT +01%E o|E FAFAT AY ¢} : relative sensitivity [-]

Hlge] AL= 250KE ALlslais BT £0.1%e192H 250KolA = Y : specific volume [m/kmol]

A £03%°] B ebaS Slsisith

AEX
AEAgle) Bokw H2glae) Ao 312, 0  ideal gas
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