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ABSTRACT 

The mass flow rate of methane and ninet~en natural gas mixtures through 

critical flow nozzles has been calculated. The calculation assumes the flow 

to be one-dimensional and isentropic. The pressure range is 0 to 1000 pounds 

per square inch and the temperature range is from 450 to 700 degrees Rankine. 

From a study of the results, a simple empirical method for making this 

mass flow rate calculation is proposed. This method would apply to natural 

gas mixtures whose composition is known and whose components have no more 

than four carbon atoms. 

INTROIDCTION 

When critical-flow nozzles are used for metering the mass flow rate of 

natural gas, the conventional isentropic flow relations do not apply. These 

equations only apply to a perfect gas. A perfect gas is defined as one 

having a compressibility factor of unity and an invariant specific heat. 

Gases such as air and nitrogen closely approximate this ideal condition at 

room temperatures and pressures up to a few atmospheres. Natural gas, on 

the other hand, cannot be co~sidered perfect even at pressures less than 

atmospheric because natural gas has an appreciable specific-heat variation 

with temperature. At higher pressures, the compressibility-factor variation also 

become3 important. 
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A number cf meth:;,ds have been used to calculate the isentropic mass 

flow rate of nonperfe,:!t gases. One of these methods is that used in 

reference 1. In this reference, an isentropic exponent is calculated, 

using the thermodynam:lc properties of a real gas. This exponent is then 

used in the conventio::ml critical-flow equation to calculate the mass 

flow rate. Reference 2, usir~ the tabulated data of reference 3, presents 

tables of compressible flow functions for the one-dimensional flow of air. 

Reference 4, using the state equations of reference 3, presents tables of a 

critical flow factor for air, nitrogen, oxygen, normal hydrogen, parahydrogen, 

and steam that permit the calculation of the isentropic mass flow rate of 

these gases through critical-flow nozzles. Reference 4 refers to a number 

of other reports that describe other methods for making this type of calculation. 

Reference 5 presents the critical flow factor for nitrogen and helium, and, 

in addition, describes a computer routine for making these real-gas 

computations. 

In this report, the critical flow factors for methane and two typical 

natural-gas mixtures are presented. In addition, from a study of nineteen 

natural gases, an empirical method fbr calculating both the mass flow rate 

and upstream volume flow rate of natural gas through critical-flow nozzles 

is given. This method requires knowledge of the upstream pressure, temperature, 

and composition of the natural gas. These calculations encompass a temperature 

range of 4500 R to 7000 R and a pressure range of a to 1000 psia. 

NOMENCLATURE 

Ao Constant in state equation (equation 13) 

At Area of nozzle throat 

a Constant in state equation (equation 13) 
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Constant in equation 23 

Constant in equation 24 

Constant in state equation (equation 13) 

Constant in equation 23 

Constant in equation 24 

Constant in state equation (equation 13) 

Constant in state equation (equation 13) 

Discharge coefficient 

Specific heat at constant volume 

Ideal-gas specific heat at constant volume 

Critical-flow factor as defined in equation 16 

Perfect-gas critical-flow factor 

Constant in state equation (equation 13) 

Composition factor as defined in equation 22 

Mass flow rate per unit area 

Enthalpy (energy per unit mass) 

Molecular weight 

Mass flow rate 

Specific-heat ratio 
Number of components in mixture 
Pressure 

Specific gas constant 

Gas constant for calculating mass flow rate (equation 20) 

Gas constant for calculating volume flow rate (equation 21) 

Entropy 

Temperature 

Velocity 
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p 

Volume flow rate 

Mole fraction of component in gas mixture 

Compressibility factor 

Constant in state equation (equation 13) 

Speed of sound in nozzle throat 

Constant in state equation (equation 13) 

Constants intieal-gas specific-heat equation (equation 15) 

Density 

Subscripts 

p Plenum 

t Nozzle throat 

i,j Species 
k Running index in equation (15) 

ANALYSIS 

In calculating the mass flow rate of a gas through a crL ical-flow 

nozzle, certain assumptions are madl~. One is that the flow is isentj:'opic 
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from the plenum, where the gas is at rest, to t~e nozzle throat, where the 

flow velocity is sonic. '!he other llssumption is that che flow is one-

dimensional. These assumptions are represented by the following equations: 

Since the flow in the nozzle throat is sonic, an additional equation is: 

Expressions for equations 1, 2, anc. 3 in terms of density and te~perature 

will now be developed. 
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The differential expressions for entropy and enthalpy are given in 

reference 6 and are: 

ciS = c ~ - lz (~\ dp 
v T P ~ P 

( 4) 

In terms of the compressibility factor, Z, equations 4 and 5 become 

~ - 5! · ~ -[Z + T (~\ l~ R - R T orr) p 
llJ 

(6) 

where 

Z = Z(p,T) = ~ (8) 

Equations 6 and 7 are integrated along the path indicated in the following 

sketch. 

p 

T 
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In terms of these integrations, equations 1 and 2 may be written as 

~ dT + T [Z -[p 
R P P 

(10) 

The term crv is the ideal-gas specific heat, and represents the specific 

heat the gas would have in the limit of zero density. 

Reference 7 gives an expression fbr the speed of sound in terms of 

the compressibility factor. This can be used in equation 3 to yield: 

(11) 
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In the calculation of the critical mass flow rate l the independent 

variables would be the plenum temperature and pressure. Equations 9, 10, 

and 11 involve plenum temperature and density. For this reason, equation 8 

has to be aolved im:plicitly for the plenum density. Once the plenum density 

is know1!1 equations 9, 10, and 11 can be solved fer the nozzle throat 

density, temperature:, and velocity. The iteration prccedures used in 

solving these equations are the same as those used in reference 5. Once the 

gas properties in the nozzle throat are known, the mass flow rate per unit 

area can be calculat.ed by the following equation. 

BASIC EQUATIONS 

One of the bas1.c equations used in this calculati"n is the state equation 

that gives the compI'essibility factor as a function of density and temp~rature. 

For a one-component gas, there are many forms of this equJ!tion that can be 

chosen. Natural gas, however 1 is a mixture of many components. Furthermore, 

the composition of r.18tural gas varies with time and region. It would 

therefore be conveni.ent to be able to determine the coefficients of the state 

equation for a gas mixture from the coefficients of individual components. 

Such an equation is the one developed by Benedict, Webb, and Rubin in 

reference 8. This equation ::'s as follows: 
A C _rp2 

Z = 1 + (B - ~ • -2- ) p + (b . !-) p2 + --RTaQ p5 + ~ p2 (l + rp2) £ (13) 
o RT R~ RT R~ 

The coefficients in this equation are deterrrlned fr?m the coefficients 

in the ind1 vidual mixture components in the following manner (ref. 9). 



[

N 2 

A = ~ X A 1/21 ° ~ 1 0,1 
1=1 

B ° = 1/8 f ~ X X I~ 1/3 + B 1/3f ~ ~ 1 J 0,1 o,j I 
i~ J~ , .. ...J 

r N 12 
C :: l~ X C 1/2 
o L 1 0,1 
, 1=1 
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Natural gas 'Was assumed to consiat of a mixture of seven components. 

These are methant' l ethane I propane I 2-methyl proparl':;." butane I ni trogen l 

and carbon dioxide. Fbr pipeline gas l it 'Would be unusuG1 to find ar~ 

appreciable amounts of hydrocarbons heavier than butane. The Benedict-

Webb-Rubin coefficients fbr these gases are listed in Table I. 

Table I 
Benedict-Webb-Rubin Coeffici"''lts Fbr 

Components of Natural Gas 

9 

1 2-Mt-thy1 Carbon 
. Methane Ethane Propane Propane Butane IUtrogen Dioxide 

M=16.043 }1=30.070 M=44.Q91 M=58.124 M'·~58.124 M=28.016 M=44.011 

Ao x 10-4 
.699525 1.56707 2.59154 3.85874 3.80296 .449695 1.03904 

:3
0 

.682401 1.00554 1.55884 2. 203 is 1.99211 .733662 .7;K)477 

Co x 10·1:) 2.75763 21.9427 62.0993 103.847 121.305 .719534 16.2657 

. a x 10.3 2.98412 20.8502 57.248 117.047 113.705 .900068 3.94505 

b .867325 2.85393 5.77355 10.889 10.2636 .508467 .596615 

c x 10-~ 4.98106 64.1314 252.478 5:;9.777 619.256 1.07267 24.6137 

ex 

r 

.511172 1.00044 2.49577 4.41496 4.52693 1.19838 3.23662 

1.53961 3.0279 5.64525 8.72447 8.72447 1.92451 4.10563 

The above coefficients are for temperature in degrees Rankine and density 

in pound 1JX)1es per cubic foot. The universal gas constant is taken as 10.7314 ft.3 
psi per OR per pound mole. The coefficients fOr all the gases except nitrogen 

and carbon dioxide are from reference 8. Those tor nitrogen are from reference 

10 and those :for ce, " r~i. n dioxide were determined from a curve f'1 t of the 

compressibility da1~ in reference 3. 
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Another basic equation gives the ideal-gas specific heat as a function 

of temperature. For a multi compound mixture, this specific heat is given by 

Cv = + X (~) 
R ~ i Ri 

i=l 

(14) 

where the ideal-gas specific heat of an individual component is given by 

The values of 1\ are given in Table II for the seven gases. 

. Table II 
Constants og the S~Cific-Heat 

PolYnomial for mpOnell s of Natural Gas 
2-Methy1 Carbon 

Methane Ethane Propane Propane Butane NitroQ:en Dioxide 

~o 2.79983 -9.85338 -16.7968 -3.06092 -1.0068 2.50115 2.50447 

~1 2.380j5 1.09299 1.61581 3.37849 2.5~ -5.40032 -2.82j32 
x lO- x 10-1 x 10-1 x 10-2 x lO- x 10-5 x 10-

~2 -8. 49g23 
x lO-

-3.14U01 
x lO-

-4.26~62 
x lO-

-1.83~9 
x lO-

-7.2~2 
x 10 

3.1m 
x lO-

1.49352 
x 10-

~3 4.427~9 3.13228 3.8061 2.30647 8.359~ -7.60847 -6.39673 
x lO- x 10-7 x lO- x 10-9 x lO- x 10-10 x 10-9 

~4 2.30~ 2.3461 3. 48188 1.02~ 0 6. 5020j -2·40h07 
x lO- x 10- 0 x 10-1 x lO- x 10-1 x 10-

~5 -1.33112 -6.361~ -8.11~6 -6.972~ 0 0 3· 249i4 
x 10-1 x 10-1 x 10- 3 x 10-1 x 10-

~6 -2.42419 3.177i~ 3.812tg 0 0 0 -1.21014 
x 10-1 x lO- x lO- x 10-1 

f3.r 1.88221 0 0 I 0 0 0 0 
x 10-GO 

-



11 

These coefficients give the correct value of the ideal-gas specific heat 

over a temperature range of 360~ to 720~. In all cases, these coefficients 

were determined from a curve fit of tabulated data. The methane data are 

from reference 12. These data represent a detailed analysis of spectroscopic 

data and agree with the data of the American Petroleum Institute (Reference 13) 

to within one percent. The ethane and propane data below 4900 R are from 

reference 14. Th~ ethane and propane data above 4900 R are from reference 13 

as are the 2-methyl propane and butane data. The data .:'or nitrogen are from 

reference 15 and the data for carbon dioxide are from reference 3. 

RESULTS AND DISCUSSION 

The results of these calculations are presented in terms of a dimensionless 

critIcal-flow factor which is defined as follows: 

(16) 

If the gas were perfect, the expression for the critical-flow factor would 

only involve the specific-heat ratio and would be 

C* = [n I...L\ (n+l)/(n-l)] 1/2 
perf. \n+l} 

In terms of the critical-flow factor, the actual mass flow rate, m, of a 

gas through a critical-flow nozzle of geometric throat area, At' is given by 

m= (18) 

The upstream volume flow rate would be given by 
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V =CDAtC*Z.JRT p p IIIIt/ J.\v"'p 

In equations 18 a.ld 19, the discharge coefficient CD mainly represents 

the effects of the non-isentropic and non-one-dimensional flow in the 

boundary layer of the nozzle. This coefficient is usually determined by a 

nozzle calibration and is generally plotted as a fUnction of Reynolds 

number. Typical values of CD are between 0.96 and 1.0. The results for 

the nozzle used in reference 16 iidicate that CD is independent of Mach 

number from a value of 0.2, where the flow can be considered incompressible, 

to a value of 1, where the flow is critical and compressible. Since 

compressibility effects are negligible, real-gas effects should be negligible 

because, for the range of temperatures and pressures considered, the real-gas 

effects can be considered a correction to the compressibility effects. 

The specific gas constant in equation 18 is 

where M is the molecular weight. This will give m in pounds per second 

if Pp is in pounds per sq. in., At is in square inches, and Tp is in 

degrees Rankine. 

The specific gas constant for equation 19 is 

R -~ v- M (21) 

. 
This will give Vp in cubic feet per second. The units of At and Tp 

are the same as thOLe in equation 20. 

The critical-flow factor was calculated fbr methane and for nineteen 

natural-gas compositions. These compositions were determined :rom natural-gas 

samples taken from pipelines throughout the country. These data were supplied 
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in a private communication from Mr. Harry Schroyer of the American Meter 

Company. The range of composition of these gases is listed in Table III. 

Any alkane in the natural gas having more than 

four carbon atoms was ignored. The alkanes that were ignored amounted to 

less than 0.4 percent by volume; in most cases, the amount was about 0.1 

percent by volume • 

. Figure 1 presents the critical-flow factor for methane. Figures 2 and 

3 present the critical-flow factor for two typical natural-gas mixtures. 

The bulk of the natural gas found in pipelines has a composition similar 

to the composition of the natural gas of figure 2. The dotted portion of 

o the 450 R curve on figure 3 represents a region in the calculation where 

the partial pressure of one of the components is above the saturation 

pressure. It is observed that in the limit of zero pressure, a l~ percent 

variation of the critical-flow factor with temperature exists. This is due 

to the temperature variation of the :ideal-gas specific heat. At a given 

temperature, the variation of the critical-flow factor with pressure is as 

much as 20 percent for the pressure range of 0 to 1000 pounds per square inch. 

Since the composition of natural gas is not fixed, and the critical-flow 

calculation is complex, it would be desirable to find a convenient empirical 

method to make this calculation. The method prOposed in this paper makes use 

of a composition factor, f. Fbr methane and the nineteen natural gas 

mixtures, both the critical-flow factor and the square root of the 

compressibility are linear i'unctions of this composition factor. This factor 

is defined as follows: 

f = XC_H + Xeo - ~ Xw + 2XC H + 3XC H 
z-6 2 2 3 8 4 10 
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'nle X represents the mole fraction of the component whose chemical symbol 

appears as a subscript on the X. The accuracy of the critical-flow factor 

correlation was improved if the correlation was in ter~s of the product of 

the critical-flow factor and the square root of the compressibility factor 

rather than of the critical-flow factor alone. This correlation is 

represented by the following equation 

c*,.JZ = a f + b (23) c c 

where a and b are functions of plenum pressure and temperat.llre and are c c 

listed in tables IV and V. In this equation, b represents the contribution of c 

the methane and acf represents the contribution of the other components. (For 

a perfect gas with r = 4/3, the value of b would be 0.6732). c 

The coefficients in Eq. (22) and the form of the equation are entirely 

empirical. They result from an intuition regarding the relative'~ontributions 

of the various components and several trial-and-error assumptions of numerical 

values of the coefficients. The values calculated by equation 23 agree with 

those calculated by the methods of this paper to better than 0.1 percent. 

In a similar manner, the square root of the compressibility factor can be 

represented by 

~=af+b z z (24) 

where az and b are functions of pressure and temperature and are liDted z 

in tables VI and vn. The ,"Slues calculated by equation 24 agree with the values 

calculated by equation 13 to better than 0.5 percent. In most of the cases, 

the agreement is better than 0.1 percent. 

In terms of the factor~ calculated by equations 23 and 24, the 

exvressions for mass flow rate and volume flow rate become 

and 
IRT Ali .uv"'p (26) 
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Since there appears to be no significant loss of accuracy in the use of 

equations 25 and 26, their use is recommended rather than the more involved 

calculations described in the analysis section of this' paper. 

In all the calculations in this paper, a state equation is involved. 

It should, therefore, be remembered that the accuracy of the results is 

probably no better than the accuracy of the state equation. 

SUMMARY 

. The mass flow rate of methane and nineteen natural gas mixtures through 

critical flow nozzles has been calculated. The calculation assumes the flow 

to be one-dimensional and isentropic. The pressure range is 0 to 1000 pounds 

per square inch and the temperature range is from 450 to 700 degrees Rankine. 

From a study of the results, a simple empirical method for making this 

mass flow rate calculation is proposed. This method would apply to natural 

gas mixtures whose composition is known and whose components have no more 

than four carbon atoms. 

TABLE III 

Range of Composition 
of Nineteen Natural Gases 

Gas ~le Fraction 

Methane 0.840 - 0.967 

Ethane 0.003 - 0.110 

Propane Trace - 0.020 

2-Methyl Propane Trace - 0.004 

Butane Trace - 0.004 

Nitrogen 0.001 - 0.023 

Carbon Dioxide Trace - 0.017 
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(, ';1') - 0 . U) 6 2 - 0 .0'11 -0.0)92 - 0.040' -0.0"18 -0 . 0.)0 -0.0"41 -0.0"4' -0.0"'1> -0 . 0461 -0.04~) 

(. 1, /1 -O.Olb) -0.U)1R -0.0)Q1 - .0~06 -0. 0418 -0.0"'0 -0.0".0 -0.0"4' -0 . 0"5' -0 . 0,,'0 -0 . 0"62 
', 1 -O.O)b~ -n."l1Q -0.01") - ~ .O~Ob -0.04IR - 0 . 042'1 -O.OU" -d.0441 -0.045) -0.0458 -0.0"61 
t, Qf) -0.0166 -0.03 00 -0.0)'1) - (1 . 0 .. 06 -0.0411 -0.0 .. 18 -0 . 0411 -0.0.4~ -0 . 0"'1 -0.045' -O.045q 
~ o -'1.0167 -0.0380 -0. 0)9) -~ .0"05 -0.0"16 - 0.0 .. 21 -O . UU' -0.0 .... , -0 . 0450 -0. 0"''' -0.04H 

10 -0.0161 -O.Ol~O -0.03'12 - 0.0"0" -0.0415 -0.0"2' -0 . 0"34 -0.0"41 -0.0"41 -0. 0452 -0.045~ 

'raIIl. V 

V.J. .. or be 

Plema 
Pl __ ,pou 

temperature, 
de. R 

0 100 !OO 30e .. 00 500 600 100 800 .00 1000 

~ '0 0.611 q o .611 ~ 0.'11 3 0 . 6712 O. UIl 0.6117 O.Ull o.l>1n 0.1>141 0.6161 0.61'11 
4M 0.6111 0.611" 0.6112 0 . 10112 0.611) 0.'111 0.6124 0.6134 0.1>148 0.6166 0 . 611'1 
410 0.611" 0.6112 0.1>111 (I . '111 0 . 1>714 0.'118 0.612~ 0.6134 0.1>1.1 0.1>7.4 0.6116 
4PO 0.671l 0.6110 0.6110 0.6111 o.l>7n 0 . 1>718 0.1>11' 0 •• 1,. 0.1>141 0.6163 0.1>183 
~'10 0.~10. 0.610' 0 . 610. 0 . 1>10" 0.1>711 0 . 6111 0.'124 0.'13" 0 • • 14. 0 . 6161 0.1>1'0 

~UO 0.6101 0.1010. 0.bl06 0 . 6108 0.'711 0.611. O.l>1ll 0.611) 0.1>145 0 . 61'" o.nn 
~ I O 0.610" 0.~101 0.6104 0.1.101> 0.1>710 0 . 6115 o.l>1n 0.1>1)1 0.'7") 0.1>151 0.'77" 
r,'O 0.6101 0.6101 0.6102 0.1>104 0.6108 0.6114 0.6121 0.'1)0 0.6141 O.61n 0 . 6111 
510 0.61>'IR 0.116"8 O.66QQ 0.6102 0.1>70' 0.6112 0.'11'1 0 . 6128 o •• n. 0.6152 0.'161 
1) 4" 0 . 6694 0 . 106'15 0 .... 1 0.6100 0.1>10" 0 •• 10. 0.'711 0.6126 0.,1)6 0.'14'1 0.616" 

,~O 0.61>"1 O.'I>qz 0 ••• "" 0 . ""7 0.610 1 0.6101 0.6714 0,'12) 0.6134 0 . 61.' 0 .61'0 
~60 0.'681 0.I.6~Q 0."'" 0."'14 0 . .... 0 •• 10 .. 0.6112 0.6720 0.61)1 O. UU 0.61'. 
~1 0 0.6684 0.''''5 O.66n 0.'''''11 0 . .... 0.6101 0.610'1 0.1>111 0.6121 0 . 61" 0.1>151 
~~O 0.6680 0.'611 0 . ..... 0.61>88 O.'I>'IZ 0 ..... 0 . '1011 0."114 0.612" o. un 0.'148 
r;<Jr) 0."" 6 0."618 0.6680 0 .... 8 ... O ••• ~. 0.61>'1' 0.6102 0.6111 0.1>120 0.'1)2 0 •• 14 .. 

bOO 0.6612 C."61 .. O.66n 0.'681 0 . .. 81. 0 . 66'2 0 . .... 0.'101 0.'111 o.nn 0.el .. 0 
biD 0 . 661>8 0 . "'10 O. 66U o ... n 0.1>1>12 0 . 1>1>18 0."'1' 0.610' 0.6111 o.nn 0.61)' 
"20 0.6''') 0.'''''' 0.""'1 o ... n 0 . 6618 O • • U .. O. ''''1 0.'''''1 0 •• 10. 0 . '11' O. 'UI 
630 O.66~. 0 .66"2 0 .... ' 0."" 0.667" 0.'680 0 .... 1 0.''''1' 0.,705 0.6115 O •• ll. 
,.- 0 0.6'" 0 .6"57 0.6661 0 . '665 0."10 0 •• 61. 0 . ... ) 0.'1191 0.'100 0 . '110 0.6121 

,~o 0.'650 0.11651 0 . "" 0 . 1>661 0.""1> 0.61>12 0.661'1 0 •• 1>11 0.'6'1> 0 . 610' 0 . 6111 
be." 0.664' 0.'''4. 0.61>'2 0 . 6",1 0 . 1>1>62 0 ..... . O.6I>H O.66n 0.'1>" 0.6101 0.'11l 
"10 0.1>641 0.1>6.4 O ••• U 0."652 0 .66" 0."64 0 . 6611 0 . 6611 0 . ... 1 0."" C.I> 701 
6 RO 0.(6)1 0.1>640 0 ..... , 0 •••• 8 o ... n 0 . '6''1 0 . .... 0 . "14 0 . ... 2 O •• "'Z 0.6102 
•• 0 0.6612 0 .6"" 0 ... 61. 0.1>644 0.''''1 0 •• '" 0 . "1>2 0 ••• 1>. 0.6611 0.'''7 0 . ,"'1 

1 00 0.""11 0.66)1 0 ."15 0 . 6I>}'1 0 . "44 0.6651 0."~1 0.66'" 0.'611 0."11 0 ... '11 



1'1lble V1 

Velu. of at 

Plln Pl. num prauure, pI li ,. , rature, 
'8 R a 100 laO '00 400 '00 600 100 .00 .00 1000 

HO O. -O.OUI -o.ono -o.o.n -0.11" -0.".1 -0.1'" -0.14" -0.2"1 -0.15'4 -0.41102 
UO O. -0.02)4 -0.04'0 -O.OHO -0.1011 -0.1411 -o.lno -0.21" -0.1'44 -0. )118 -0. )&10 
HO O. -0.0111 -0.OH4 - 0.0110 -0.0'" -0.12" -0.IU2 -0.1'" -O.BIoO -0.l1U -0 .1I1 ~ 
,80 O. -0.010) -0. 04Zl ·O.Onl -0.0"1 '0.11'. -0.1418 -0. lUI -0.112) -0.2Uq - 0.112 ) 
4QO O. -0.0"0 - 0.0]'1 -0.0610 -0.0141 -0.10" -O.IU] -O ... U -0."2) -0.1215 -O.Hll 

~OO O. -0.0111 -0.0'" -O.OUl -0.0110 -0.100' -0.114] -O.IU' -0.1'" -0.20IR -O.IIRR 
510 O. -0.016& -0.0'41 -0.0'11 -0.OU4 -0.0'" -001 1.' -0.1111 -0. "04 -0.1141 - 0.107Q 
H O O. -0.01 ,. -0. on I -0.n491 -o.o.n -0.01 •• -0.1061 -O.lln -0.1414 -0_1617 -0.1'00 
HO O. -0.0147 -0.0]01 -0.04" -0.0"0 -0.0.0. -0.0"4 -0.1110 - 0."60 - 0. "" -0.1741 
HO O. -0.01)' - O.Oln -0.04" -0.0'" ·O.OltO -0.0'110 -0.10" -OolUQ - 0.1411 -0.160/1 

5~0 O. -0.01)0 -0.01106 -0.040' -o.onl -0.0101 -0.0"4 -\).1010 -0.1169 -a. Ul1 -0.1415 
560 O. - O.Olll -0.0151 -0.0'11 -0.0'" -0.0'" -0.01 .. -0.0'42 - 0.1011 -O.U)) -O.U17 
"0 O. -0.0116 -O.OIU -0.0)60 -0.0411 -0.061' -O.OH' -0.0111 - 0.101' - 0.114' -O.UU 
~IO O. -0.0110 -O.OIU -0.0'" -0.04" -0.0'" -0.0101 -0.011' -0.0'4' -0.1072 -0.11'4 
~QO O. -0.0104 -0.0111 -O.OUO -0.04)1 -0.05.5 -0.0'" -0.OH4 -o.o.n -0.100] -0.11110 

.00 O. -0.0099 -0.0200 -0.0'0' -0.0.0. -0.0'" -O.OUI -O.Oll' -0.0115 -0. 0941 -0.1045 
6 10 O. -0.0094 -0.0190 -0.0211 -0.0'" -0.04" -0.0'15 -0.0'" -0.0115 -0.011' - O.OtlO 
no o. -0.00" -0.0110 -0.0112 -0.0'" -0.04" -0.on2 -0.0'4' -0.011' -0.0111 -O.OUI 
610 o. -o.oon -0.0171 -O.OU. -0.0'46 -0.04)4 -0.aU2 -0.0610 -D.O'" -0.')11) -0.01101 
640 O. -0.0011 -O.OIU -0.0245 -0. on. '0.0411 -0.0'" -0.05" -0.06'1' -a )7]' -o.Oal • 

1050 o. -o.oon -0.on4 -O.Oln -O.OUI -0.0"0 -0.04" -0.0'" -O.O'" -0.on8 - 0.0171 
UO O. -o.oon -0.0141 -0.0111 -0.0'" -o.ono -0.0.44 -0.0'11 -0.0,., -0.0"0 -0.07)0 
1010 O. -0.0010 -0.0140 -O.UII -0.0211 '0.0'" -0.0412 -0.04" -o,o.n -0.OU5 -O.OUI lola o. -o.oon -0.0114 -0.0201 -0.02U -o.on. -0.0401 -0.04" -0.0"0 -0.0''1 - o.o.s. 
no o. -0.00104 -0.0118 -O.OIU -O.Oln -0.0,.. -O.OUI -0.0441 -0.0'0' -0.0'" -0.061 ~ 

700 O. - 0.0061 -0.01l2 -0.0111 -0.0241 -0.010' -O.O'U -0.0411 -O.OU' -0.0515 -0.051' 

tobl . vn 

Velu or b. 

Plenum Plenum p.r ••• ure, ~1a 
tempe.ra ture, 

d R 0 100 200 '00 400 '00 600 100 .00 .00 1000 

4.0 1.0000 0."" o.n.o o ... n a."" D.'''. 0."" D."" 0 •• 015 0."" o.lIn 
HO 1.0000 0 ••••• A • ., .. 0."92 0 • .,15 0.'411 0 • .,10 0."'1 0."'2 0.9044 0.")1 
410 1.0000 0 ... 0. 0.'"0 0.'114 0 ..... 0."1' 0."" 0 . .,,0 0.9221 0."24 0.'011 
4.0 1.'::000 0."12 0."24 0.'114 0."4. 0.95" 0 .... ' O.n11 0.911) a."" 0 ... 0. .. , 1.0000 0.'''' 0.'"6 0."" 0 ..... 0.95" O.nOl 0.'420 0."" 0.'259 0.'"1 

500 1.0000 A ... ,. 0."41 o •• no 0 ... ., . 0 ..... o.nn 0 •• 4.4 0."" 0."" 0."" 
"0 1.0000 0 •• .,. 0.'1'1 0."" 0.911. 0."4' o ... n 0.950. 0.'4)5 0."" 0 • .,04 
~10 1.0000 0."" 0 ..... 0."00 0.'114 0 ..... 0."0' 0."" o ••• n 0 ••• " 0.'151 
510 1.0000 (1.99" 0."15 D ... " 0.'151 0 .... 1 O.'UI 0 •• 512 0."" 0.'." 0.'40' 
'40 I.oeoo 0.9941 0."" D •• .,. O."U 0.9112 0."51 0."0' 0."'0 0."" o ... ~o 

"0 1.0000 0 ... ., 0."" 0.'''' 0.91'. o.nu 0."" D ... ,. o.nll 0."" 0.'4tO 
560 1.0000 0 ..... 0 ..... 0."41 0."" 0.U5O 0.9102 0."" D."" 0."" 0."21 
510 1.0000 0."" 0 ... 0. 0 •• .,1 a."" o •• u. o.nn 0 .... 0 0 •• 61. O.H" 0.95" 
.. 0 1.0000 0."" 0."10 0."" O •• U. o.nu 0.91.1 0.9101 0 ..... 0."" 0.95'1 
"0 1.0000 0."" 0."" o •• n, 0.'''' 0.9191 0 •• 15. o •• n. 0 ..... 0"'~4 0."" 

.00 1.0000 0."'0 0."21 0."" 0 ..... 0.'"0 O.91n 0.9141 0.910. D."" 0."4t 
610 1.0000 0 •••• ' 0."" 0."" 0."" 0.",) 0.'''0 0.91" 0.'12' 0.9101 0.'''4 
"A 1.0000 0 .... 5 D."" 0 ..... 0 •••• ' 0.'''. 0."04 o.nu 0.9141 o.nll 0 ..... 
UO 1.0000 0 .... , 0."" 0 ... 0. 0.'''. 0 ... ., 0.'"1 0 •• , .. 0.91" 0.'141 0.'''' 
UO 1.0000 0 ..... 0."" 0 ... 10 o ... u 0."" 0.'''0 0 ... '" o.nll 0.91'0 0.'740 

no 1.0000 0."11 0 . "4' 0."" 0 •• 190 0 ... ., 0."41 0."" 0.9191 o.nn 0.9151 
.. 0 1.0000 0."'" 0."" 0."" 0."91 0."'. O ... U 0."11 a."" 0.91" 0.'''' 
no 1.0000 0."'" 0.'910 0.'''1 0.'904 0."" 0 .... 2 O ... U 0."'5 0 ... 0. 0."" 
.. 0 1.0000 0 .... " 0 .... 1 D."" O.ttll 0."" 0 ... 12 0."" 0 ... " 0.'1l1 0 ... 0. 
no 1.0000 0 ... 11 0 ..... 0 ..... 0."11 D."" 0."" 0 ..... 0."4. 0 •• .,. o ••• n 

100 1.0000 0."" 0."" 0 .... 0 O ... U 0.tt05 0 ..... 0."'4 0 .... 1 0 ... 4. 0.'''' 
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Figure 1. - Critical flow factor for methane. Figure 2. - Critical flow factor for a natural gas. 
Com~sition by volume is: 0.9535 methane, 
0.0296 ethane, 0.0046 propane, 0. !XXl7 2-methyl 
propane, 0. 1XKlII butane, 0.0040 nitrogen. and 
0.0070 carbon dioxide. 
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Figure 3. - Critical flow factor lor a natural gas. 
Composition by volume Is: 0.8850 methane 
0.0795 ethane, 0.0110 propllne, 0.!XXl7 Z-methyl 
propane, 0.0017 bolane. 0.0221 nitrogen, and 
o Cilrmn dioxide. 
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