General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA TECHNICAL NASA TM X- 52646
MEMORANDUM

NASA TM X- 52646

N70-33772

{ACCESSION NUMBER)

(THRUY)

(PAGES) fcort)

PN I/ —
(NASA CR R TMX OR AD NUMBER) (CATEGORY}

FACILITY FORM 602

CALCULATIONS OF THE FLOW OF NATURAL
GAS THROUGH CRITICAL FLOW NOZZLES

by Robert C. Johnson
Lewis Research Center
Cleveland, Ohio

TECHNICAL PAPER proposed for presentation at
Winter Annual Meeting of the American

Society of Mechanical Engineers

Los Angeles, California, November 16-21, 1969




CALCULATIONS OF THE FLOW OF NATURAL GAS
THROUGH CRITICAL FLOW NOZZLES
by Robert C. Johnson

Lewis Research Center
Cleveland, Ohio

TECHNICAL PAPER proposed for presentation at

Winter Annual Meeting of the American Society of Mechanical Engineers
Los Angeles, California, November 16-21, 1969

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION



CALCULATIONS OF THE FLOW OF NATURAL GAS
THROUGH CRITICAL FIOW NOZZLES

by Robert C. Johnson

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio L4135

ABSTRACT

The mass flow rafe 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 O 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 coméosition is known and whose components have no more
than four carbon atoms.

INTRODUCTION

When critical-flow nozzles are used for metgring 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.
Geses such as alr 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 corsidered perfect even at pressures less than
atmospheric because natural gas has an appreciable specific-heat variation
with temperature. At higher pressures, the compressibility-factor veriation also

becomes important.



A number cf methods have been used to calculate the isentropic mass
flow rate of nonperfect gases. One of these methods is that used in
reference 1. In this reference, an isentropic exponent.is calculated,
using the thermodynamic properties of a real gas, This exponent 1s then
used in the conventional critical-flow equation to calculate the mass
flow rate. Reference 2, using the tabulated data of reference 3, presents
tables of compressible flow functions for the one-dimensional flow of air.
Refefence L, 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 U4 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 reasl-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 for celculating both the mass flow rate
and upstream volume flow rate of natural gas through eritical-flow nozzles
is given. This method requires knowledge of the upstream pressure, temperature,
and composition of the natural gas. These caléulations encompass & temperature

range of 450°R to TOO®R and a pressure range of O to 1000 psia.

NOMENCLATURE
A 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



Q Volume flow rate

X Mole fraction of component in gas mixture
Z Compressibility factor

o Constant in state equation (equation 13)
o% Speed of sound in nozzle throat

Y Constent in state equation (equation 13)

Bo"BT Constants inideal-gas specific-heat equation (equation 15)

p . Density
Subseripts
P Plenum
t Nozzle throat
i,d Species
k Running index in equation (15)
ANALYSIS

In calculating the mass flow rate of a gas through a criiical-fliow
nozzle, certain assumptions are made. One is that the flow is isentropic
from the plenum, where the gas is at rest, to the nozzle throat, where the
flow velocity is sonic. The other assumption is that che flow is one-

dimensional. These assumptions are represented by the following equations:

S -8,=0 (1)

Ui = 2(H, - H) | (2)

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

Ue = of (3)

t t
Expressions for equations 1, 2, ané 3 in terms of density and temperature

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

reference 6 and are:

ds:CVd—TT--lz(%'%) do (1)

P P

dH = Tas +-% dp + d(ﬁ) (5)
p

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

. C
ds v 4T dZ\ id
§’=E_'T'[Z+T(ﬁ)-lf (6)
oy,
C
L. Tar.r (g-';i)p %2 + o(2T) (1)
where
Z = Z(O:T) = 'p'%f (8)

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

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

5p54 T Y YA dp
R =0 = -R—-T—-lnpt- [Z-l.’-T(ﬁ)‘J 5
A =T
t
+ [z S 1+T ('S%) %ﬂ (9)
) T=T

t
-1, |2, -f {T (%)a} ‘—;9 (10)
T=T,

The term C; is the ideal-gas specific heat, and represents the specific
heat the gas would have in the limit of zero density.
Reference T glves an expression for the speed of sound in terms of

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

-
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In the calculation of the critical mass flow rate, the independent
variables would be the plenum temperasture and pressure. Equations 9, 10,
and 11 involve plenum temperature and density. For thié reason, equation 8
has to be solved implicitly for the plenum density. Once the plenum density
is known, equations 9, 10, and 11 can be solved fcr the nozzle throat
density, temperature, and veloclity. The iteration procedures 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 calculated by the following equation.

Gy =Py Uy (12)

BASIC EQUATIONS

One of the basic equations used in this calculaticn is the state equation
that gives the compressibility factor as a function of density and tempsrature.
For a one-component gas, there are many forms of this equation that can be
chosen, Natural gas, however, 1s a mixture of many components. Furthermore,
the composition of ratural gas varies with time and region., It would
therefore be convenient 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, ard Rubin in

reference 8. This equation s as follows:

2
c =T
Z=1+(B -m2--22)p+(b-22) 0%+ 8307+ 2 0% (1+1p°) (13)
O ) RT R pod )

The coefficients in this equation are deterrined from the coefficients

in the individual mixture components in the following manner (ref. 9).
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Natural gas was assumed to consist of a mixture of seven components.

These are methane, ethane, propane, 2-methyl propau:. butane, nitrogen,

and carbon dloxide. For pipelipe gas, it would be unususl to find any

appreciable amounts of hydrocarbons heavier than butane.

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

Table I
Benedict-Webb-Rubin Coeffici.-~nts For
Components of Natural Gas

The Benedict-

" 2-Methyl Carbon
" Methane Ethane Propane | Propane Butane Hitrogen |Dioxide
M=16.043 |M=30.070] M=Lkh,097 | M=58.124 |M-58.124 |M=28.016 |M=44,011
A x 107 .699525| 1.56707| 2.59154| 3.8587h | 3.80296 | .449695| 1.03904
3, .682401| 1,00554) 1.55884| 2,20325 | 1.99211 .T33661] .TIOLUTT
Cy x 1070 2.75763 |21.9427 | 62.0993 | 103.847 121.305 .T19534116.2657
.8 X 1073 2.98412 {20.8502 | 5T.248 | 11T.04T }113.705 .900068] 3.94505
b 867325 2.85393 5.77355| 10.889 10,2636 .S08LET]  .596615
¢ x 107 L.98106 164.131k | 252.478 | 559.TTT |619.256 1.07267 |2k.6137
a .511172] 1.000L4 2.49577 L. 4b1ko6 | L4.52693 | 1.19838 | 3.23662
Y 1.53961 | 3.0279 5.64525 | 8.72hlT | 8.72kk7 | 1.92451 | L.10563

in pound moles per cubic foot. The universal gas constant is taken as 10.73lhft.3

The above coefficients are for temperature in degrees Rankine and density

psi per °r per pound mole. The coefficients for all the gases except nitrogen

and carbon dioxide are from reference 8.

Those for nitrogen are from reference

10 and those for ceri:n dioxide were determined from a curve fit of the

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

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

(14)

o T
=B+ Z B T (25)
k=1
The values of Bk are given in Table II for the seven gases.
tant Ta%e %',I 1fi Heat
;xn_omilgl fog xezen ¥ c-tggal Gas
-Methyl Carbon

Methane | Ethane Propane Propane Butane Nitrogen] Dioxide
By 2.79983 | -9.85338] -16.T7968 -3.06092 -1.0068 2.50115 | 2.50447
By 2.38055 | 1.09209 | 1.61581 3. 378&9 2.5 ~-5.40032 | -2.82532

x 10™ x 1071 | x 10™ x 10~2 x 10° x 1072 | x 10"
B, -8.49323] -3.14401} -L. 26E62 -1.83?9 -T.2622 3.1 1. h93<5>2

x 10~ x 107 x 107 x 10~ x 10 x 10~ x 107
) b, 42759 | 3.13228 806 2.30647 8.359 -7.60847 | -6.39673
31 x109 | x 1077 x 10" S0t x 1079 | x 10° 2% x 10710 | x 109
B 2.30 3.4818 1.02 0 6.5020 -2.40307
4 X 10° 10'1-:E x 10-? x 10'18 x 1oOﬁ x 10~ g x 1031
B -1.33172}] -6.361 -8.11086 | -6.972 0 0 3.249
o | x 10714 | x 10-1 13 x 10- x 10-129 x 10-1%
B -2.42459| 3.177 3.812 0 0 0 -1.21034
6 1 x 10717 | & 10-zg x 10~ ig x 1071
ﬁ? 1.88221 0 0 0 0 0 0

X 10-20
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These coefficients give the correct value of the ideal-gas specific heat
over a temperature range of 360°R to 720°R. In all cases, these coefficients
were determined from a curve fit of tabulated data. The methane déta are
from reference 12. These data represent a detailed snalysis 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 h90°R are from
reference 14, Th~ ethane and propane data above h90°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:

RT
_ f’c_ﬁ_/_—z (16)

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

only involve the specific-heat ratio and would be

(n#1)/(n-1)] /2
Cpert. =[ﬂ (ﬁr) ) ] (17)

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
Pp
h=C,. A, C¢¥ —- (18)

The upstream volume flow rate would be given by



. 12
V) = Cp A C* zp,/Rva (19)

In equations 18 aad 19, the discharge coefficient C, mainly represents

D
the effects of the non-isentropic and non-one-dimensional flow in the
boundary layer of the mozzle. 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 i-dicate that C_ is independent of Mach

D
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

R - +2:03 | (20)

where M is the molecular weight. This will give & 1in pounds per second

if pp is in pounds per sq. in., A, is in square inches, and Tp is in

t
degrees Rankine,

The specific gas constant for equation 19 is
R = §L32§ ‘ (21)

This will give 65 in cubic feet per second. The units of At and Tp
are the same as thoce in equation 20,

The critical-flow factor was calculafed for methane and for nineteen
naturel-gas compositions. These compositions were determined from 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 éases 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 O.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
the h50°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 eritical-flow factor with pressure is as
much as 20 percent for the pressure range of O to 1000 pounds per square inch.
Since the composition of natural gas is not fixed, and the critical-flow
calculation is complex, 1t 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. For methane and the nineteen natural gas
mixtures, both the critical-flow factor and the square root of the
compressibility are linear tunctions of this composition factor. This factor

is defined as follows:

f=X + X -3 + 2X + 3X (22)
CHg * Yoo, 7 % XNZ cyig * oy
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The X represents the mole fraction of the componen£ 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 terms 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*AVZ = af + b (23)
where a, and bc are functions of plenum pressure and temperature and are
lisfed in tables IV and V. In this equation, bé represents the contribution of
the methane and acf represents the contribution of the other components. (For
a perfect gas with ¥ = 4/3, the value of b, would be 0.6732).

The coefficientsvin 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.l percent.

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

Az =art+b (24)
where a, and bz are functions of pressure and temperature and are listed
in tables VI and VII. The values 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 1s better than O.1 percent.

In terms of the factors calculated by equations 23 and 24, the

expressions for mass flow rate and volume flow rate become

(a e +b,) Pp (25)

CDAt(af+b) s
CDAt(af+‘b)(af+b)ﬁp (26)

and
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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 recommendéd 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 O to 1000 pounds
per square inch and the temperature range is from 450 to TOO 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 Mole Fraction
Methane 0.840 - 0,967
Ethane 0.003 - 0,110
Propane Trace - 0.020
2-Methyl Propane Trace - 0.004
Butane Trace - 0,00k
Nitrogen 0,001 - 0.023
Carbon Dioxide Trace - 0,017
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Pleaum
temperature,
deg R

«50
CLD
a1
“an
490

500
510
629
430
540

559
L
51
570
5490

LRb]
410
%21
631
640

650
hAN
o1

190
uan

mo

Flenum
temperature,
deg R

450
4hn
4m
4rn
490

500
510
520
530
540

550
560
511
580
590

500
619
K20
63N
640

650
ha0
670
680
690

100

0

=0.0265
-0.0272
-0.,0279
~0.028%
~0.0292

0,024
=C.0306
=0.0310
=0.0315
=0.0321

=0.0326
-0.0331
-0.0335
=0.0340
=0.0344

-0.034H8
-0.0351
=0.035%4
-0.0357
=0.0340

-0.0362
-N,0363
=0.0345
=~0.0366
=N.0367

=0.0%67

0.6719
0.6717
0.6714
0.6T12
0.ATD9

0.6707
0.6704
N.6701
0.6698
0.669

0.6691
0.6687
0.6684
0.6680
0.h676

0.6672
0.6668
0.6663
0.6659
0.6655

0.6650
0.6646
0.6641
0.6637
0.6632

0.6427

100

=«0,0297
~0,0302
=0.0308
=-0.0%13
=0.031%

-0.0324
-0.0329
-N0.0333
=0.0338
~0.0343

=0.0347
-0.0351
-0,035%
=0.0359
=0.0362

-0.0366
=0.036A8
-0.0371
-0.0373
=0.0375

-0.0377
~0.0378
-0.0379
=-0.0300
~0.0380

=0.03R0

100

0.6715
0.6714
0.6712
0.56710
0.6708

0.6706
0.6703
0.6701
0.6698
0.6695

0.6692
0.6689
0.6685
0.6681
0.6678

C.b674
0.6670
0.6666
0.6662
0.6657

0.6653
0.6649
0.6644
0.6640
0.6635

0.6631

200

-0.0330
«0.0334
=0.0338
=0.0342
~0.0%¢6

-0.0350
=~0.035%)
-0.03%7
=0.0361
-0.036%

-0.0368
-0,0371
-0.0375
=0.037R
~0.0380

-0.0383
-0.03R5
-0.0387
-0.0389
=-0.0390

-0.0392
-0.0392
=-0.0393
-0.0393
-0.0393

-0.0392

200

0.6713
0.6712
0.6711
0.6710
0.6708

0.A708
0.6704
0.6702
0.6699
0.6697

0.6694
0.6691
0.6687
0.6684
0.6680

0.6677
0.6673
0.6669
0.6665
0.6661

0.6656
0.6652
0.6648
0.6643
0.6639

0.6635

Tabds IV

Valus of .
Flemm pressure, psia

300 400
-0.,0%6% ~0.0399
=0.0366 ~0.0398
~0.0368 ~0.0398
=~0.037T1  ~0.0398
-0.0373 =0.0399
-0.,0375 -0.0400
-0.0378 -0.0401
=0.0380 ~0.0402
-0.03A83 =0.0404
-0.,0386 -0.0406
-0.0388 ~-0.0407
-0.0391 =0.0409
-0.0393 -0.0411
=0.0396 ~0.0412
~0.0%98 ~0.0414
~0,04060 -0.0415%
~0.0401 ~0.0416
~0.0403 =0.0417
=0.0404 -0.0418
=0.040% ~0.0418
~0.0406 -0.0418
=1.0406 ~0.0418
=N.06406 ~0.041R
~0.0406 ~0.0417
=1.040% ~0.0416
~(e0406 ~0.0415

Table V '
Value of bc
Plenum pressure,
3oc 400
0.6712 046713
0.6712 0.6713
0.«711 0.6714
0.6711 0.6713
0.6709 0.6712
0.6708 0.6711
0.6706 0.6710
0.6704 0.6708
0.6702 0.6706
0.6700 0.6704
0.6697 0.6701
0.6694 0.6699
0.6691 0.6696
0.6688 0.6692
N.6684 0.66R9
0.6681 0.6686
0.6677 0.6682
0.6673 0.6678
0.6669 0.6674
0.6665 0.6670
0.6661 0.6606
0.65657 0.6662
0.6652 0.6658
0.6648 0.6653
0.6644 0.6649
0.6439 0.6644

«0.0430
=0.0426
=0.,0424
=0.0423
=0.,0422

-0.0422
=0.0622
=0.0422
=0.0423
~0.0424

~0.0425
~0.0426
=0.0427
~0.0428
~0.,0428

«0.0429
«0.0430
«0.04%0
-0.0430
=0.0430

=0.0430
=0.0430
-0.0629
-0.0428
~0.0627

=0.0425

peia
500

0.6717
0.6717
0.6718
0.6718
0.6717

D.6716
0.6715
0.6714
0.6712
0.6709

0.6707
0.6704
0.6701
0.6698
0.6695%

0.6692
0.6688
0.66R4
0.6680
0.6676

0.6672
0.6668
0.6664
0.6659
0.6655

0.6651

=0.0452
=0.04480
=0.0445
=0.0442
=0.0441

=0.0440
=0.0439
=0.0439
=0.0439
=0.0439

-0.0439
=0.0440
=0.0440
=0.0441
=0.0461

=0.0441
=0.0442
=0.0442
~0.0442
=0.0441

=~0.0441
=0.0440
-0.0439
-0.0437
-0.0436

=0.0434

600

0.6723
0.6724
0.672%
0.6725%
0.6724

0.6723
0.6722
0.6721
0.6719
0.6717

0.6714
0.6712
0.6709
0.6706
0.6702

0.6699
0.6695
0.6691
0.6687
0.6683

0.6679
0.6675
0.6671
0 6

0.6657

T00

=0.0458
~0.0457
~0.0455
=~0.0453
~0.0452

-0,0451
=0.0451
~0.0450
=0.0450
=0,0450

=0.0450
=0.0451
~0.06451
-0.0451
=0.0451

=0.0451
~0N.0451
~0.0451
=N.0451
=-0.0450

=0.0449
~0.0648
=0.0647
=0.0445
~0.0643

=0.0441

700

0.6733
0.6734
0.6734
0.673
0.6734

0.6733
0.6731
0.6730
0.6728
0.6726

0.6723
0.86720
0.6717
0.6714
0.6711

0.6707
0.6703
0.6699
0.6695%
0.6691

0.6687
0.6683
0.6678
0.6674
N.6669

0.6665

ROO

=0.0435%
=0.0443
~0.0448
~0.0451
=0.0452

=0.0454
~0.0455
=0.0455
=0.0456
=0.0456

=0.0457
=0.0458
=~0.0458
=0.0458
=“0.0459

=0.0459
=~0.0459
=0.0458
~0.0458
~0.0457

=0.0456
=0.0455
=0.0453
=-0.0452
=0.0450

=0.0447

900

-0.0361
~0.0394
=0.0414
~0.0428
~0.0437

=0.0643
=0.0648
=0.0451
=0.0454
~0.0456

~Je 0458
~0.0459
=0.0461
~0.06462
~0.0462

=0.0463
=0.0463
=0.0463
~0.0462
~0.0462

~0.0461
~0.0460
~0.0458
=0.04586
~0.0654

=-0.0452

900

0.6767
0.6766
0.6764
0.6763
N.6761

0.6759
0.6757
0.6755
0.6752
0.6749

0.6746
0.6743
0.6739
0.6735%
0.6732

0.6728
0.6723
0.6719
0.6715
0.6710

0.6706
0.6701
0.6696

0.6682

1000

=-0.0206
~0.0290
=0.0343
«0.0376
=0.0399

=0.06416
=0.0427
=0.0436
=0.0443
~0.0648

=0.0452
=~0.0455
=0.0458
~0.0460
=0.06462

~0.0463
~0.0464
~0.0464
~0.0464
~0.06466

~0.0463
~0.N462
~0.0461
-0.0459
-0.0457

=0.0455%

1000

0.6791
0.6789
0.6786
0.6783
0.6780

0.6777
0.6774
0.6771
0.6767
0.6764

0.6760
0.6756
0.6753
0.6748
0.6744

0.0740
0.6735
0.6731
0.6726
0.6721

0.6717
0.6712
c.6707
0.6702
0.6697

0.6692



Plenum
tonperature,
deg R

450
460
AT0
480
4%0

500
510
520
530
540

5%0
560
510
580
590

600
510
620
630
640

650
660
670
680
690

100

Plenum
temperature,
deg R

450
480
470
400
491

500
si10
520
530
540

510
580
590

600
sl0
620
630
640

6350
660
670
680
690

100

~0.0252
~0.0234
-0.0218
~0.0203
-0.0190

~0.0178
=0.0166
=0.0156
=0.0147
~0.0138

=-0.0130
=<0.0123
=-0.0116
=-0.0110
~0.0104

-0.0099
=0.0094
~0.0089
-0.008%
~-0.0081

-0.0077
-0.0073
-0.0070
=-0.0067
~0.0064

=-0.0061

200

=-0.093%0
=0.049C
=0.0454
=-0.0422
=0.0393

=0.0368
~0.0342

-0.028)

~0.0266
=-0.02%1
-0.023%¢
~0.0223
=0.0211

-0.0200
=0.0190
-0.0180
=0.0171
-0.0162

=0.0154
=0.0147
=0.0140
=0.0134
-0.0128

=-0.0122

200

0.9780
0.9796

0.99%¢

0.99%9

Table VI

Value of a,

Plenum pressure, psia

300 400
~0.0837 =0.1179
-0.,0770 -0.1078
-0.0710 -0.0989
-0.0657 =0.0911
~0.0810 ~0.0842
-0.0%67 =-0.0780
-0.0%28 =~0.0724
=0.N493 ~0.067%
~0.0462 ~0.0863%0
~0.0433 ~0.0589
~0.0408 -0.08%1
-0.0302 =-0.0518
~0.0360 ~0.0407
~0.0339 ~0.04%8
=-0.0320 ~0.0432
~0.0303 =0.0408
-0.0287 -0.030%
=0.0272 ~0.0385%
-0.02%58 ~0.0348
-0.0245 -0.0328
-0.0233 =-0.0311
-0.0221 -0.02%
-0.0211 ~0.0201
=-0.0201 -0.0268
-0.0192 -0.02%%
~0.0103 =0.0243

Tabl. VII
Value of bl
Flenum pressure,
300 400
0.9552
0.9%8%

0
0.97%3

0.9770
0.978%
0.9800
0.9813
0.982¢6

0.991¢
0.9922
0.9927
0.9931
0.993¢

0.9940

0.97%2

=0.1561
“0.1417
=0.1293
~0.1184
~0.1089

-0.100%
~0.0931
-0.0004
~0.0804
-0.07%0

-0.0701
=~0.08%6
~0.0816
~0.0579
~0.0%4%

=0.0514
~0.0408%
~0.0458
=0.0434
=0.0411

-0.0390
-0.0370
-0.03%52
~0.0334
~0.0318

psia
soo0

0.9434
0.9470
0.9510
0.9553
0.9588

0.9616
0.9643
0.9%668
0.9691
0.9712

0.9732
0.97%0
0.9766
0.9782
0.9797

0.9810
0.9823
0.9834
0.9043
0.98%8

-0.1988
=0.17%0
=-0.1622
=0. 1470
=0.13%3

=0.1243
=0. 1147
=0.1081
=~0.0984
~0.0816

-0.0854
=0.0798
~0.0748
=-0.0701
-0.065%9

-0.0821
=-0.0%58%
-0.0952
-0.0%22
=0.0494

~0.0468
=0.0444
-0.0422
~0.0401
-0.0381

=-0.0363

700

~0.2404
=~0.2199
=~0.1978
=0.1791
=0.1831

~0.1493
=0.1371
~0.120%
=0.1170
~0.1086

=-0.1010
~0.0942
-0.0881
-0.082%
~0.0774

-0.0728
-0.060%
~0.0648
-0.0610
=0.0577

~0.0546
-0.0%17
=0.0491
~0.0466
=0.0443

-0.0421

0.9702
0.9723

0.9741
0.97%9
0.977¢
0.9791
0.980%

0.9819
0.9831
0.9843
0.9854
0.906%

0.9874

=~0.2991
~0.2644
=0.2360
=-0.2123
-0.1923

-0.17%2
~0.1604
~0. 1474
~0.1360
~0.12%9

=0.1169
~0.1008
~0.1015%
=0.0949
=-0.0889

-0.0835
-0.078%
-0.0739
-0.0897
-0.06%8

~0.0623
-0.0589
-0.0%5%9
-0.0%30
-0.0%03

-0.0479

~0.3564
=0.3118
~0.2762
~0.2469
-0.222%

~0.2010
0. 1841
. 1687
~0.1%%2
“0.1433

=0.1327
~0.123)
~0.1149
=0.1072
~0.1003

=0.0941
~0.088%
-0.,0831
-0.7783
-0 139

-0.0698
~-0.0680
~0.062%
=~0.0%93
~0.0%63

-0.053%

1000

~0.4162
=0.3610
~0.3175
-0.2823
~0.2532

=~0.2288
~0.2079
=0.1%900
~0.1743
~0.1606

~0.1485
~0.1377
~0.1281
~0.1194
~0.1116

=~0.1045
~0.0980
~0.0921
~C.0867
~0.0818

-0.0772
-0.0730
~0.0691
~0.0654
~0.0821

-0.0%89
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R Figure 2. - Critical flow factor for a natural gas,
Figure 1. - Critical flow factor for methane. Composition by volume is: 0,9535 methane,
0.0296 ethane, 0.0046 propane, 0.0007 2-methyl
propane, 0.0006 butane, 0.0040 nitrogen, and
0.0070 carbon dioxide.
PLENUN
TEMPEF.-
- ATURE
°R
80 450
CRITICAL .76
FLOW s e | 500
FACTOR,
e* o I ™
= - sl - 600
11 +—T1 4+
.u%éf____ 700
ol

0 20 400 600 800 1000
PLENUM PRESSURE, PSIA

Figure 3, - Critical flow factor for a natural gas,
Composition by volume is: 0,8850 methane,
0.0795 ethane, 0.0110 propane, 0. 0007 2-methyl
propane, 0.0017 butane, 0,0221 nitrogen, and
0 carbon dioxide.
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