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Abstract: In this study, the uncertainties in the critical flow functions (CFFs) calculated by the AGAS8-dc equation
of state were estimated. To this end, the formulas for enthalpy, entropy, and speed of sound, which are used in
calculating the CFF, were expressed in the form of dimensionless Helmholtz free energy and its derivatives, and
the uncertainty in Helmholtz free energy was inferred. To consider the variations in the compressibility-dependent
variables induced by the variation (i.e., uncertainty) in compressibility, the form of the AGAS8-dc equation was
modified to have a deviation equal to the uncertainty under each flow condition. For each independent uncertainty
component of the CFF, a model for uncertainty contribution was developed. All these changes were applied to
GASSOLVER, which is KOGAS's thermodynamic database. As a result, the uncertainties in the CFF were
estimated to be 0.025, 0.055, and 0.112 % at 10, 50, and 100 bar, respectively, and are seen to increase with the
increase in pressure. Furthermore, these results could explain the deviations in the CFFs across the different labs in
which the CFF international comparison test was conducted under the ISO management in 1999.
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Table 2 The model for Helmholtz free energy used in this study
N (Sf)y- (h;))l
a(6+e7r,X)=Zzi —z -+ Z 7+ B(1 +1In7) + C/Inlsinh (D/7)] — E’In [cosh (F77)] (35)
i=1 U U
N, 0+e 7
+ 3 e { G Inlsinh (A7) — Flnlcosh (J°r)] +1nz,} —Hn( ¥ ) +in{—] —1
i=1 N
6+e , K,
ZBT —(6+¢) E cr +ZC "(6+¢) exp(—cn((ﬂ-e) )
n=1 n=13 n=13
This formula is the same as that of original Helmholtz free energy!'” formulated by AGAS-dc if ¢ = 0.
R 7ae 77t Jaeschke”‘”«] AhlE mdx Table 3 Natural gas compositions for analysing
)] & 4%}((01E 155—’7.: —E‘ e ol ARE Composition (%)
Components
Aastw Gk CFF AL 212 B AN T Gas A Gas B
- - CH4 93.07 85.9063
= = A7l L2EA WA o] = A
= 2l Adrke A agAE e =2 g C.Hs 4.49 8.4919
ored el 10 bar®t 50 bar 183 ¢ e wE CFF C;Hg 1.53 2.3015
E3 . LSS syl Y3l 100 bars F7}s) ICsH,o 0.33 0.3486
At TAAQ = g 2= 293 K Do o e
=) J O = al J 51112 . .
= Spgtal, vk 242 g 49l ING =4 NC:Hi, 0.00 0.0480
7} PNG (p1pel1ne natural gas) =4 T 7IAE 3§ N, 0.20 1.0068
A TH(Table 3 %), CO, 0.00 1.4954
Table 4= o8| gt fr& XA AL 7 &
RS LA CFF %QE 711k Sk CFF dA =9 gEAAS] AF- 2= 01, 02 %
o] % Z ekl Aotk FeE 7 B o 23 cMFe W3k(EE EFdx 7ldm)E Z
{9 B35 7jojx 9o ¥y dn 1 7} 0.22~0.23 %, 041~o44 % AEZ HwA FA
2] aL s A F7Isk=dl, o= CFFRSt skt W=k 55 Wske2 AA x39
2 A e B9 CFE Wste] 991 A9Sh fARPAT T el Wk W] M=
= ¥ 2L groltt, Zejar Adrge] Hels 9 ol HlaLA Z CMF W3kE HSl Ao
af AAl A E2 X(critical mass flux, 549 CFF =%k 7|o=s ta Sold &
CMF) g zlold], o] 4 (3)ol Yeld v} A4 Wrk(Table 4-(d) F%). CFF &8 % 7}
of 2o CFFYl A8 TASHE A4dA Fo) = DA @AM &5 02 % THAALAE &
z = =5%)3 A% Uxe] F9 CMFo] & gtol kel ek 0.160~0.176 %7HARE St
) vkl Al webdis OMFE ik A ST oS 843 AGARE Atz 4
drgo 471 wZelth ok EFwoAE & gre] AyAlel A HEE A, a=Yet
ns 2 24 oreow 5ud olfsk 9 & A9 02 %l 2 S%e) FhE AL
=3 A @& s g U dA =4 2k wsked 55 W
WA Table 4(b), (c)ol “EFH =<1AS] CFF &S 017 % Wl 49 AA AFyA T F
B3} 104‘:3 A Rd AA 249 EHAt Q1zke] Wskgo] Hes| dx|eta Wste] WEFS
o] A% =F%= 0.1 %/} &= CFF &8s gRkrjojol A CMF#kS 28] ®ah=] ekt
obg zﬂoﬂ AFgle] BE 001 % A% npA| 2O 2 Table 4-(e)] YERH HFES] CFF
2 ouug FEd AL % F Ak wE %o BIE J|dEE dwud wE 9T d4E 10
2 9} oo AT 2= Q= fxow W bar, 50 bar, 100 barollA Z}ZF 0.000~0.001 %,
3 A
o il
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Table 4 The uncertainty contributions from various sources to overall CFF uncertainty, and the related
thermodynamic properties at nozzle throat conditions

(a) Reference value

™ i ) T o = 293 K

T ami
pr:pert(;eznat nf)zzle throat P, = 10 bar P, = 50 bar p, = 100 bar

Gas A Gas B Gas A Gas B Gas A Gas B

CFF 0.674137 0.673201 0.709934 0.713454 0.768531 0.782792
Pressure 5.4522 5.4697 27.2149 27.3283 53.5563 53.6767
Temperature 254.4393 255.4108 251.7918 252.5719 249.5841 250.4046
Density 4.5812 4.9415 25.2974 27.6707 57.6770 64.5888
Speed of sound 393.5775 378.1337 375.3002 357.8290 356.3896 336.3949
CMF (critical mass flux) 1803.076 1868.549 9494.103 9901.392 20555.481 21727.337

(b) The uncertainty contribution from the compressibility ( u(Z,) =0.1 %, k=2) at stagnation condition
CFF -0.010 % -0.010 % -0.007 % -0.006 % -0.010 % -0.009 %
Pressure +0.002 % +0.003 % +0.010 % +0.011 % +0.014 % +0.017 %
Temperature +0.024 % +0.023 % +0.024 % +0.023 % +0.023 % +0.022 %
Density -0.022 % -0.021 % -0.023 % -0.022 % -0.031 % -0.030 %
Speed of sound +0.012 % +0.011 % +0.016 % +0.016 % +0.021 % +0.021 %
CMF (critical mass flux) -0.010 % -0.010 % -0.007 % -0.006 % -0.010 % -0.009 %

(¢) The uncertainty contribution from the compressibility (u(Z,) =0.1~0.2 %, k=2) at critical condition
CFF +0.023 % +0.022 % +0.042 % +0.041 % +0.044 % +0.042 %
Pressure +0.084 % +0.084 % +0.157 % +0.156 % +0.147 % +0.143 %
Temperature -0.026 % -0.026 % -0.051 % -0.050 % -0.047 % -0.045 %
Density +0.013 % +0.012 % +0.025 % +0.024 % +0.032 % +0.031 %
Speed of sound +0.011 % +0.010 % +0.017 % +0.017 % +0.011 % +0.010 %
CMF (critical mass flux) +0.023 % +0.022 % +0.042 % +0.041 % +0.044 % +0.042 %

(d) The uncertainty contribution from the speed of sound (u(wy) =0.2 %, k=2) to CFF uncertainty

CFF 0.000 % 0.000 % 0.000 % 0.000 % 0.000 % 0.000 %
Pressure -0.227 % -0.228 % -0.225 % -0.225 % -0.218 % -0.218 %
Temperature -0.054 % -0.053 % -0.057 % -0.056 % -0.058 % -0.057 %
Density -0.175 % -0.176 % -0.172 % -0.174 % -0.160 % -0.160 %
Speed of sound +0.175 % +0.176 % +0.72 % +0.174 % +0.160 % +0.160 %
CMF (critical mass flux) 0.000 % 0.000 % 0.000 % 0.000 % 0.000 % 0.000 %
(e) The uncertainty contribution from Helmholtz free energy (k=2)
CFF -0.001 % -0.000 % -0.035 % -0.027 % -0.103 % -0.094 %
Pressure -0.001 % -0.000 % -0.019 % -0.015 % -0.050 % -0.044 %
Temperature +0.001 %  +0.000 % +0.020 % +0.015 % 0.035 % +0.028 %
Density -0.000 % -0.000 % -0.049 % -0.038 % -0.140 % -0.127 %
Speed of sound -0.000 %  +0.000 % +0.015 % +0.011 % 0.037 % +0.033 %
CMF (critical mass flux) -0.001 % -0.000 % -0.035 % -0.027 % -0.103 % -0.094 %
(f) The overall uncertainty (k4=2) in CFF using model 1

The overall uncertainty in

calculated CFF (k=2), 0.025 % 0.024 % 0.043% 0.041 % 0.045 % 0.043 %
u(CFF) = v/ () + (c)*+ (d)*

(g) The overall uncertainty (k=2) in CFF using model 2
The overall uncertainty in
calculated CFF (k=2), 0.025 % 0.024 % 0.055 % 0.049 % 0.112 % 0.103 %

w(CFF) = v/ (b)2+ (¢)*+ (d)? + ()2
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Table 5 International comparison result of critical flow function”

T () P (MPa) CFF of1 Deviation(%)
KOGAS GDF’ K-Lab’ NEL* SWRT® NOVA®
0.1 0.66583 -0.0014 -0.0284 -0.0014 0.0002 -0.0284
2 0.68245 -0.0009 -0.0319 -0.0008 0.0147 -0.0246
293.15 5 0.71414 -0.0014 -0.0405 -0.0013 0.0319 -0.0115
8 0.75399 -0.0015 -0.0491 -0.0012 0.1046 0.0438
10 0.78503 -0.0015 -0.0545 -0.0013 0.1789 0.1256
'KOGAS : Korea Gas Corporation, GDF: Gas de France, °K-Lab : Karsto Metering & Technology Laboratory (Norway),

‘NEL(National Engineering Laboratory, UK), >SwRI(Southwest Research Institute, USA),
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