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Abstract: This study aimed to calculate the CFFs (critical flow functions) of a sonic nozzle bank with a
12-nozzle package within 1 s. Toward this end, the Helmholtz free energy of natural gas was formulated by
using the AGAS8-dc equation of state in a form without integral terms, and thereafter, thermodynamic
properties such as the enthalpy, entropy, speed of sound, and heat capacity, which are used in CFF
calculation, were derived in analytical form. As a result, the calculation time of CFFs was improved from 6.7
s in a previous study to 0.6 s per 12-nozzle package and kept almost constant regardless of the number of
components in natural gas. Furthermore, it was confirmed that the calculated CFF values were in agreement
with the results of a CFF international comparison test carried out under ISO management in 1998-1999.
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Table 2 Equations for Helmholtz free energy and thermodynamic properties

: _ T dr /TCZ_R dr _
6 X)= —1 R + z.( 7 +1In r +2]1x Inz,—1 )
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Table 2 Numerical values of the parameters of eqn. (11) for isobaric heat capacities in the ideal-gas state
(¢p")/Ry for pure gases

Components B? c? Df E? F? G? HY r J?
CH4 4.00088 0.76315 820.659 0.00460 178.410 8.74432 1062.82 -4.46921 1090.53
CaHe 3.50031 013732 662738 -0.14660  -680562 090066 174006  0.00000 0.000
C:Hs 3.50002 204452 919306 -1.06044 865070 203366 483553 001393 341.109
1C4H 1o 400263 433939 559314 123720 223284 130974 103138 -6.01989  1071.29
NCHu 402939 660569  479.856 319700 200893 19.0921 955312 -837267 102729
ICsHiz 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
NCsHi 4.06714 8.97575 438.270 525156 198.018 25.1423 1905.02 16.13880 893.765
NCeH4 433944 9.44893 468.270 6.89406 183.636 244618 1914.10 14.78240 903.185
NCsHis 4.00000 11.76180 292.503 20.11010 910.237 33.1688 1919.37 0.00000 0.000
NCsHyg 4.00000 8.95043 178.670 21.83600 840.538 33.4032 1774.25 0.00000 0.000

N, 4.00000 11.69770 182.326 26.81420 859.207 38.60164 1826.59 0.00000 0.000

CO; 4.00000 13.72660 169.789 30.47070 836.195 43.5561 1760.46 0.00000 0.000

Table 3 Natural gas compositions for international comparison of CFFs accomplished during '98-99 (mol %)

Components Gas A Gas B Gas C Gas D
CH4 82.916 93.301 88.360 94.330
C,Hg 13.665 3.585 8.550 1.250
C3Hg 1.052 0.567 2.040 0.320
IC4Hio 0.044 0.327 0.360 0.060
NC4Hyo 0.066 0.073 0.010 0.010
1CsHy, 0.004 0.055 0.000 0.010
NCsHiz 0.004 0.019 0.000 0.000
NCsH4 0.002 0.052 0.000 0.000
NC7Hi6 0.003 0.073 0.000 0.010
N» 1.242 1.637 0.680 3.640
CO, 1.002 0.311 0.000 0.370
sum 100.000 100.000 100.000 100.000
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Table 4 Comparison results of CFFs between this study and the previous study(4)
Gas A Gas B Gas C Gas D
Temperature Pressure This study This study This study This study
X) (MPa) Previous study Previous study Previous study Previous study
NEL NEL NEL NEL
0.688651 0.687626 0.688061 0.687700
2.0 0.688656 0.687609 0.688056 0.687699
0.688650 0.687627 0.688061 0.687700
0.732246 0.722408 0.728891 0.718548
273.15 5.0 0.732253 0.722384 0.728882 0.718545
0.732244 0.722408 0.728891 0.718547
0.846135 0.802035 0.831234 0.785702
10.0 0.846146 0.801995 0.831216 0.785699
0.846132 0.802035 0.831234 0.785702
0.682446 0.682450 0.682159 0.683051
2.0 0.682452 0.682444 0.682161 0.683052
0.682445 0.682449 0.682159 0.683051
0.714132 0.708345 0.712040 0.706320
293.15 5.0 0.714139 0.708338 0.712042 0.706321
0.714132 0.708345 0.712040 0.706320
0.785022 0.761571 0.777137 0.752618
10.0 0.785033 0.761559 0.777139 0.752621
0.785020 0.761571 0.777137 0.752617
. A AL ALY WEl, 33 daAng
3 — [ Wshgo] 22 AGA8-dco] Fx HEo= Q%
— IS Stu -
g o S l A 9 Ae® 5T & vk wEd A
b --=- Previous study _ - _
‘X S8 WA, A PEel Aoz Qg o of
= Yo g mdel 29 A% Aolw FHE
4
% $ glon A4 Ade FHNE AU
g 2 Fig. 12 & W3 7|E& W3] CFFol AL
© . AZHe ] aE ﬁOlD} At 271e, 48 5 MPa
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Fig. 1 Comparison of calculation times of CFFs
between this study and the previous study
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