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Abstract − Sonic nozzle is widely used for reference of calibrating flowmeters in gas flow measurement and its use requires

the critical flow factor on the thermodynamic properties of the gas at the nozzle throat. ISO-9300 provides the calculating

method of the factor. But since the critical flow factors from this method show an errors over 0.5% in specific conditions and

over 0.1% in general NG custody transfer condition, this method cannot be applied for gas flow measurement with sonic noz-

zle. Therefore in this study, the other method is used to calculate the critical flow factor for higher accuracy than the ISO

method. The equation of state from AGA-8('94) and high accuracy(withinj0.05) model of ideal gas properties are used in cal-

culating the factor. The results of this study show that the accuracy of critical flow factors are within j0.1% in the NG cus-

tody transfer condition.
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C����D' �=� ,#. EF� G�H �� ISO-9300[1]' �

�) I<J .K� L?M NO��H -� �P� C����D'

�=� :@A� IQ#.

?RS? C����D �=�� Venix-Kobayashi(V-K) TU�V

�=�) �W/ � Johnson[2]�� 5X9: YZ[, 	
\]� ISO-

9300�^ � �) _+`+ ,#. ab% � �B c�de�� 0.5

% �f' gh� ij V ,k� lmn o ,+ Hpq� ��de

-6rX NO�� s(' Hpq� t^, Tu, ��dv w-��^

0.1% �f' ghx yi> V ,#+ z+9: ,#. �� !� #

Q ���x ��`� �
�/ 5X�#� {| C����D }�

#Q �D~ �� :� �^ ghx �+ ,#� �) ��> -

0.1% �f' C����D gh� �|> V L� ���#. I&�

C����D �=� ISO�) 5X��� � 9+ �P^� � �B

#Q ��) 5X�� �B 8�� 5�� �#.

C����D' �P^� NO��' TU�V� ��� (�� ,

Z[, TU�V' �P^� ��qZ/ C����D' �P^� �

�) ��#. I&� ?RS? C����Dx �P� �=> V L

�� �� �� �' `%� �P� TU�Vx �=`� f���

�� ^�9? �B� ,#.

�P� ��TU�Vx ��`�  � GRI(Gas Research Institute,
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��) ¤y¥�� � f����' �P^� 708' �� de�

� ¦0.1% �§/ lm¨#. � ���B �¡ \]� AGA-8/ �

�9: '85©^� Wª� y�� �« '92©^� ¤�9+ '94©^�

H0 V�9�#.

ISO��� � ¢/£ f����| �¬z# �P� �f�F ­

v ®¯) �W/ C����D �=�' �P^x ¤°`@�  u

) `+ ,Z[, �b�  u' H±Z/ ²� ³¡�� f�� ��

Z/ ^�� C����Dx ´� 8µ`� ¡K´� O¶� V·9

+ ,#.

¸G5^ � ´� O¶� ¹º`+ ,+ �� '99©^� NO��

7��� ��»�¼(1h �
�� �� !)� ¶U ½¾ ���:

� �� ¿�� �P� C����Dx �=`À 9�#.

�x  � ÁÂS? �Ã �P`#+ Ä@n NO�� f����

AGA-8('94)[3]) �X`Å+, �f�F' ­v �= ®¯^ ÆP^ ¦

0.05% �§' �=�) 5X`Å#. �� ISO' ���� 7�? �

�v8M� +@� �| Ç$ NO�� § v8� ®È +@É V ,

^Ê ËÌÍ ���) ½Î� Ï�#.

2. ����	
� ��

�� !/ ;<� ��' Ð���B #k| ÑB Hpq� ��

�Z/ �=É V ,#.

Qm=Cdρ*V*A* (1)

º�� QmB ��' Ð���, ρ*�  ! Ò�� �� �^, V*�

 ! Ò�� ��Ó^, A*�  ! Ò' ÔJq, Cd�  !' ���

Vx %ÕÖ#.

� (1)/ ��) �=`�  ���  ! Ò�� ��' t^, Tu

) �P� ���� `��  ! Ò' ��� }0 �×� 7Ô� Ø

�`� -.� �K/ �x ��`�Ù :Ú#. ab%  ! Û¶�

� ÒS? 6$� 7Ô� Ü+ �Ó� Ý<� -.� � 5�' �

�) wÞß/à/ ��> V ,Z[ �/01 � (1)) (2)/ áâ

`º  ! Û¶t^� Tu) 7ã ��`À �#.

(2)

º��, To, Po� �Ft^� �FTu) ³³ %Õ§�� � ä~B

 ! Û¶�� ��� t^� �TZ/01 �=É V ,#.

�(1)| (2)/01 C����D C*� #k| Ñ� �'9[, ��

 ! Û¶� Ò 5�� âv� 1h�, wÞß/à ;å' ËÌÍq

­v) %Õ§À �#.

(3)
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3-1. ����

ÁÂS? Ä@n �Ã �P� NO�� TU�V�B AGA-8('94)

�#. �x �X`º TU�Vx �=> - ¿�� �B ��' dv,

t^ æ Tu�[ NO��"M çè& éV êë, �ë, �=ìë�,

Ð�, V�' TU�V �=�^ qX> V ,#.

TU�Vx ¶`� f����B AGA-8('94)x ¹+`� o&[ í

î 
|�B � (4)� Ñ#.

(4)

3-2. ����

� (3)�� z� o� Ñ� C����Dx �=`�  ��� �

FTu Po, �Ft^ To,  ! Ò' �F�^ ρ*� kÓ V*� ¿�`

#. Po, To�  ! Û¶' t^� Tu) ��`º ïÀ �=> V

,Z%  ! Ò' t^, TuB ��`� 7Ô� :@ð �/01 �

=9� ρ*� V*� 1h� wÞß/à ;å' ËÌÍq (��) �X

`º ¶�� �#.

C����Dx �=`� Vñ �µ�' �ò ¤óB  ! Û¶'

�FÞôà�  ! Ò' Þôà h�/ ¶� �FÓ^�  ! Ò'

kÓ� Hñ`� t^x õç C����Dx ¶`� ��#. ö ÷

��  ! Ò' t^� �K  ! Ò' t^� h�� ,ZJ Þô

à h�/ ¶� Ó^� kÓ| #<À 9[, � È Ó^ä� Hñ>

-' t^�  ! Ò��' ä� �#.

C����Dx �=`�  ��� � (3), (4)}� #k| ÑB Ë

ÌÍq (��� � ¿�`#.

(5)

(6)

(7)

(8)

(9)

(10)

(11)

C����Dx ¶`� øh� #k| ÑZ[ �x ù�`J #k

| Ñ#. º�� �FTu| �Ft^� Ä+ ,� äZ/ ���#.

(1)  ! Ò' t^ T*) ��`+ � (6)| (9)x �X`º  !

Ò' �^ ρ*x ¶�#.

(2) Ô� (1)' T*� ρ* a$+ � (8)) �X`º �F�  !/

;x - i�� Þôà áì�) ¶�#.

(3) Ô� (2)�� ¶� Þôà áì�) � (5)� 7Û`º  ! Ò

' �FÓ^ V*x ¶�#.

(4) Ô� (1)' t^� �^ a$+ � (7)) �X`º kÓ ax

¶�#.

(5)  ! Ò' Ó^ V*| kÓ ax ´��#. Mú � È ä� H

ñ`? �ZJ T*x áì»û üX�^(� <0.0001) §/ Hñ> -

S?  ' Ô�~) pý�#.
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o
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o
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--------------=
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Z/ Ä@� ,#. z# �P� �Z/� Aly� Lee model[5]) �

W/ ¤y� Macfall's model[6]� ,Z[, C����Dx �=`�

� �8� �P^x �+ ,� �Z/ Ä@� ,#. I&� ò O¶

��� � �) 5X`ÅZ[ #k| Ñ#.

(12)

(13)

(14)

Table 1�� � (12)-(14)� ,� �Vx %Õ§�#. º�� L�

NO��' v8� 7��� Table 2� ,� Aly-Lee model' �V

x 5X`[, �- �V G', I'����Z/ `º �=`J �#.

4. �� � ��

ò �= �P^x P�> V ,� D¾� ÁÂ/� 7Ô� K�q

�:� �X ��� kÓ
|� éVêë� 7� C����D� 7

��M ´� +�`Å#. � (3)�� z� o� Ñ� kÓB C��

��D' �P^� 
�q� Ì>) �#. I&� �=� kÓä) �

�ä| ´�� zJ ��qZ/ C����D' �P^x Ä V ,#.

Fig. 1B NIPPER[7]�� ��� êë' kÓä| V-K���(ISO

C����D� 5X� TU�V�=�)Z/ �=� kÓä) ò �

=
|� ´�� ��#. º�� ´� t^x 248.15 K� 298.15 K/

� �B  ! Ò' t^� 708 � ä §� ~:g� -.�#. �

�ä| ³ �=ä) ´�� zJ, �T��� V-K ���Z/ �=

� kÓä� ��ä| ´�q 	 Hñ`� �) (�> V ,Z% +

TZ/ 
VÊ �h� ��`[ ú 8 MPa 
���� 0.5% �fC

) (�> V ,#. pJ ò �= 
|� Tu 8 MPaS? ��ä|

0.1% �§/ 	 Hñ`+ c� 7 MPa �`��� � h�� 0.05%

/ ��`� �) (�> V ,#.

Fig. 2� �¡	
O¶�(NIST)' êë' kÓ ��ä[8]| ´��


|�#. t^�Ì 223-423 K, TuB 25 MPaS?' kÓ ��ä|
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Table 1. Ideal gas property coefficients for key constituents of NG in

Macfall's model

 CH4  C2H6  C3H8 N2  CO2  H2S

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
C' 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
I' −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

Table 2. Ideal gas property coefficients for heavy constituents of NG in Aly-Lee model

I-C4H10 N-C4H10 I-C5H12 N-C5H12 N-C6H14 N-C7H16 N-C8H18 N-C9H20 H2O

A'  −72387.0 −72674.8  −91505.5  −83845.2 −94982.5  −103353. −109676.  −122599. −13773.1
B'  17.8143  18.6383  21.3861  22.5012  26.6225  30.4029  34.0847 38.5014  7.971
C'  58.2062  57.4178  74.3410  69.5789  80.3819  90.6941  100.253 111.446  6.270
D'  1787.39  1792.73  1701.58  1719.58  1718.49  1669.32  1611.55  1646.48  2572
E'  40.7621  38.6599  47.0587  46.2164  55.6598  63.2028  69.7675  80.5015  2.05
F'  808.645  814.151  775.899  802.174  802.069  786.001  768.847  781.588 1156
G'  −44.1341  −46.1938  −60.2474  −62.2197  −77.5366  −92.0164  −106.149  −122.444 −3.24989

Fig. 1. Comparison of sonic velocity of methane between nipper data
and two predictions.

Fig. 2. Comparison of sonic velocity of methane between NIST experi-
mental data and this study.
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�hx ´�¥�� 250 K �f��� ��qZ/ 0.05% �`' h

�x z�+ ,#. ab% t^ 250 K�` �� +T��� 0.1% �

f' �hx y�> V ,�� �� AGA-8('94)' ÆP^� � �Ì

�� 0.1%� �� �Z/ ù�É V ,#.

Table 3B AGA-9[9]� VÊ� GRI(Gas Research Institute)' k

Ó�=ä| ´�� 
|�#. �=� 5X� NO�� v8 (A), (B)

� AGA-8 ('94)' �^�=�) M~ - �
Z/ 5X� ��[ ò

�=| GRI �=� 5X� �^�=�B AGA-8/� �H`#.

��v8 (A), (B)� 7�� ò O¶' �=ä| GRI' �=ä�

6' Hñ`� �) Ä V ,#. ú�' h�(0.002%)� %� �B

�q´Ë Cp �=� 5X� �f�F ­vä� �/ #Q �� ´�

� �Z/ i³�#.

Table 4� Stewart[10]� êë� 7� C����Dx �=� 
|

� ´�� ��#. Stewart' �=��B �ò �=|�-Þôà� Þ

ß/à h�x �X`º kÓ) ¶`� ��-�� ò O¶� h��

L?M ²0q� �= ��| éV êë� 7� f����) 5X�

{�� ò O¶� #<#. a�?M �=
|' h�� 6' L� �

) Ä V ,#. 0.1 MPa��' h�� 6' �»> V ,) �^�

+, +T��� ú�' h�� %�� �Ã � h�^ 0.012%x �?

��#. �� ò O¶� Stewart' �=� 5X� f���� æ �f

�F ®¯' ÆP^� 6' �5� �� ´�� �Z/ ªÔ�#.

5. � �

ò O¶��� ISO 9300' C����Dx 7ã> V ,� z#

�P� �� !' C����Dx �=`Å#. �x  � ÁÂS?

�Ã �P`#+ Ä@n NO�� �^�=�� AGA-8('94)) �X

`Å+, �f�F' ­v�= ®¯^ ÆP^ ¦0.05% �§' �=�

) 5X`Å#. a 
| #k| ÑB 
�) §� V ,#.

��, êë' kÓ�� D¾ æ NO�� kÓ�=
|� ´�� 


| NO�� 6rde��� ³³ ' �h� ¦0.05%, ¦0.002%�§

Å#. �/01 ò �=' kÓ �� �P^� ¦0.1%(=TU�=�

� AGA-8' ÆP^) �§� É ��&+ ��qZ/ 
�) §�

V ,+ kÓ| ��`À (þ� C�kÓ' �P^^ �� �5`

#+ ªÔ> V ,#.

��, éVêë' f����) �X`º �=� Stwart' C���

�Dä| ´�� 
| �h� í7 0.012%��Z[ �� ÑB 
|

/ � - ò O¶�� K»� ��B � � �Z/ ªÔ�#.

����

A* : cross-sectional area of the nozzle throat [m2]

A' : coefficient of Macfall model [cal/mole]

a : speed of sound [m/s]

B : virial coefficient [m3/mole]

B' : coefficient of Macfall model [cal/mole]

bn : constant defined by Eq. (4)

Cd : discharge coefficient of sonic nozzle

Cp : constant pressure heat capacity [J/mole-K]

Cv : constant volume heat capacity [J/mole-K]

C' : coefficient of Macfall model [cal/mole-K]

C* : critical flow factor

C*
n : coefficients which are functions of composition

cn : constant defined by Eq. (4)

D' : coefficient of Macfall model [K]

E' : coefficient of Macfall model [cal/mole-K]

F' : coefficient of Macfall model [K]

G' : coefficient of Macfall model [cal/mole-K]

H : enthalpy [J/mole]

H' : coefficient of Macfall model [K]

I' : coefficient of Macfall model [cal/mole-K]

J' : coefficient of Macfall model [cal]

K : size parameter

K' : coefficient of Macfall model [cal/mole-K]

kn : constant defined by Eq. (4)

M : molar mass [kg/mole]

P : pressrue [Pa]

S : entropy [J/mole-K]

T : temperature [K]

Un : constant defined by Eq. (4)

R : universal gas contant [J/kmole-K]

V : velocity [m/s] 

Z : compressibility factor

���� ��

κ : specific heat ratio

ρ : density [kg/m3]

ρ : molar density [mole/m3]

	��

o : ideal gas

���

Table 3. Comparison of sonic velocity of NG between this study and GRI
predictions(top: this study, middle: GRI, bottom: deviation)

Gulf coast+ gas mixture
(A)

Amarillo+ gas mixture
(B)

@ 15.56oC
0.10156 MPa

430.49 419.94
430.50 419.95

−0.002% −0.002%

 +See. AGA-9('98) Appendix c-13

Table 4. Comparison of critical flow factor of methane between this
study and Stewart predictions(top: this study, middle: Stewart,
bottom: deviation )

MPa
Kelvin

0.1 4 10

240 0.67322 0.73120 0.91214
0.67323 0.73118 0.91211

−0.001% 0.003% 0.003%
260 0.67230 0.71510 0.81811

0.67229 0.71515 0.81818
−0.001% 0.007%  −0.009%

280 0.67120 0.70396 0.77195
0.67119 0.70403 0.77203

−0.001% 0.010%  −0.010
300 0.66993 0.69558 0.74406

0.66992 0.69566 0.74413
−0.001%  −0.011%  −0.009%

320 0.66850 0.68890 0.72504
0.66850 0.68898 0.72513

−0.001%  −0.012%  −0.012%
HWAHAK KONGHAK Vol. 37, No. 4, August, 1999
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a,

 Re-

e

o : condition at the plenum

* : condition at the nozzle throat

����
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