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SUMMARY AND CONCLUSIONS

This study has considered the transporting of light hydro-
carbon liquids by dissolving them 1n high pressure natural gases.
The presence of the higher molecular weight material increases
the deviation of the gas mlxture from ideal gas behavior and in-
creases the gas density 1n the pipeline but with only minor
viscosity increases. Thus, the addition of liquids like propane
to natural gases increases the flow capacity of the line and
thereby reduces the cost of transportation.

A computer program was written to solve the pipeline flow
equation, to calculate the horsepower of compression of the gas,
and to determine the cost of bullding and operating the line.
This program was capable of finding the minimum cost of trans-
portation for a given pipe strength, line dlameter, gas composition,
and f'low rate,

The phase relationships for gas-liquild systems were studied.
The minimum pressure to maintain the mixtures in a single phase
was found for various systems of natural gases and light hydro-
carbon liquids. The pipeline pressure was always malintalned at
pressures above thls minimum value in the deslign calculations.

The transportation costs were calculated for natural gas
and nine mixtures containing condensable liquids for a series of

condltlons. The parameters studied were

Composition and corresponding minimum
pressure

Steel strength: 65,000 and 100,000 psi

Pipe diameter: 16, 24, and 30 inch

Pressure: 700 to some 3600 psia

Flow rate: 200-1500 million cu. ft./day.

The important factors used in the study and the costs of trans-
portation of the mixtures (single phase) in cents/100 miles/Mcf
are given in Tables 5, 6A, and 6B, attached.



It was found that the transportation cost decreased with
increasing flow rate, increasing pressure level to some 2500 psia,
and 1lncreasing molecular weight of the gas mixture up to gravities
of about 0.9. The costs of transporting propane, butane, and
condensates are in the range of 8 to 15 cents per barrel per
1000 miles. The cost of separating the condensates from the
natural gas at the market terminal has not been included 1n these
figures. Costs for specific mixtures are attached 1in Table 9.

The above costs for hauling liquids 1in large quantities appear to
be from 35-50% of the tariff for product pipelines.

The study indicates that further work 1s justified in con-
sidering the transportation of 1light hydrocarbons 1n large

quantities along with natural gas in long distance pipelines.

vi



TABLE 5

Economic and Other Factors Used in Study

Length of line (L) 1000 miles
Flowing temperature (T.) 60°F
Pipe strength (S) 65,080 psi and 100,000 psi
Pipe diameter %OD) 16 inch, 24 inch and 30 inch (OD)
Pipe roughness EE = 250 micro-inches
Bend Index 200° per mile
Longitudinal Jjoint factor for pipe (E) 1.0
Pipe design factor (F) 0.72
Compressor efficlency, EFF, 80%
Pipe cost (Y) 65,000 psi strength, $265 per ton
100,000 psi strength, $384 per ton
Cost of laying pipe (N) $1200 per inch OD per mile
Communication system cost (H) $3000 per mile
Compression station cost (X; + X) $270,000 + $165 per horsepower
Cost of fuel (CF) 20 cents/Mcf
Fuel consumption (FHPHR) 8.7 x 10~3 Mcf per horsepower - hour
Cost of labor and maintenance for pipeline (CLML) $850/mile/yr
Cost of labor and maintenance for compressor stations (CLMS)
$19/hp/yr
Gas loss (LG) = 0.005 fraction of flow at 20 cents/Mcf
Administration expenses (AD) __1 _ cents/100 miles/écf
3650
Annual investment charge, 15% per year
Line assumed to flow at 100% capacity 365 days/yr

vii
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PIPELINE CALCULATIONS FOR GAS-LIQUID SYSTEMS

Introduction

The purpose of this project 1s to lnvestigate the economics
of carrying liquids along with natural gases 1n a single phase
in high pressure pipelines. To carry out the investigation,
the physical propertiles of the gas-liquid mixtures, pipeline flow
calculations, compression calculations, and economical factors
are combined into a single relationship. This relationship was
programmed for the computer to permit a quick evaluation of the
parameters over a wide range of conditions.

The basis of the study is the fact that liquefiable hydro-
carbons when added to natural gas increase the density of the
system, both because of the 1lncreased molecular weight of the
mixture and algo because the compressibility factor is lower for
the mixture due to its lower pseudocritical temperature. At the
same time, the increased molecular welght of the mixture does
not increase the viscosity of the gas significantly. This
combination of properties was thought to be such that the cost
of transporting gases containlng propane, butane, and raw
natural gasollne could be less than for natural gas itself. To
carry out the study, 1t is necessary to determine the conditions
af which various systems are in a single phase. The density
in the form of the compressibllity factor and the viscosity are
needed for such systems at the pressures and temperatures of
the pilpelines.

The pilpeline flow calculations for this study are based
on the American Gas Assoclation Institute of Gas Technology
reportl° It was deemed necessary to ascertaln that the procedure
was the equivalent of Weymouth's equation with Moody friction
factorsg, and this was found to be true for the "partially
turbulent case" adopted.



In any comparative study, 1t 1s necessary to establish a
standard. After several trials, it appeared best to compare the
cost of transporting natural gas a distance of 1000 miles wilth
included 1liquids dissolved in a single phase fluld with the cost
of transporting the gas alone. For each mixture and pipe dia-
meter, the cheapest transportation cost was sought before comparing
the two costs. From these two costs, one can find the cost of
hauling the normally 1liquid constituent and compare 1t with liquid
pipeline rates.

The various phases of the study will be described in turn
starting with the phase behavlior of gas-liquid systems.

Phase Behavior of Hydrocarbon Systems

Mixtures of natural gas and light hydrocarbons may be trans-
ported as a single phase provided the proper temperatures and
pressures are maintained. For pipelines buried in the ground,
the temperature range is limited to from about 30~1500F or from
ground temperature to the compressor outlet temperature. The
objective of this study is to find the pressures sultable for
pipeline transportation over which gas-liquid mixtures will
remain in single phase at temperatures of 10-100°F. As will be
1llustrated 1n a general dlscussion of phase behavior, there are
two pressure regions at which mixtures such as methane and propane
will remain in single phase. The first 1s the low pressure
reglon wherein increased pressure causes condensatlion of lilquid
to occur. The second region--that of interest in this study--is
the hlgh pressure region where two phases occur upon lowering
the pressure. The latter 1s sometimes referred to as the retro-
grade region since phase changes occur due to an opposlte change
in pressure to that normally found at low pressure. This behavior
will be made clear in a general discussion of the behavior of
mixtures.



Behavior of a Binary Mixture

Figure 1 shows the behavior of a bilnary system such as
methane-propane. The curve ACl is the vapor pressure curve of
methane and HC3 1s the vapor pressure curve of propane. At
pressures above A010203, all mixtures of methane and propane
are 1n a single phase. Diagram BDCEEFG represents the border curve
between the single phase region outside and the two phase regilon
inside for a specific mixture of 80% methane and 20% propane
(molal basis). The areas of interest in the single phase region
are pressures above the curves DCQEF or any pressure at temper-
atures above F. The problem 1s to find a convenient way of
calculating the single phase region for any mixtures of known
composition at pipeline temperatures.

Although Figure 1 shows the behavior of only one mixture
of methane and propane, the two phase region for all mixtures
lies within the area of A01C203H and outside this regilon all
mixtures are 1in single phase. Figures 2a and 2b show quantil-
tatively the location of the border curves for the methane-
propane system. It may be seen that the varlous mixtures are
similar in behavior and so only the 80% methane mixture will be
discussed. When viewed from the interest of plpellne flow at
MO-lOOOF, one needs to consider a seriles of mixtures of increasing
propane content. Flgures 3a and 3b glve experimental data for
the methane-butane system.

Studles were made by the writer on phase behavior of hydro-
carbon systems 1in glass windowed cells some 25-30 years agoa’sﬂl‘L°
Consilder the behavior of mixture A, Figure 1. At the temperature
and pressure of I, 1t is in a single phase. Upon dropplng the
pressure ilsothermally to D, 1t remains 1n single phase until
reachlng pressure D at which pressure bubbles of vapor appear.
The curve BDC2 is the bubble point curve for mixture A. Further
pressure reductions below D cause various percentages of vapor
to form as indicated qualitatively on Figure 1. For quanti-
tatlve percentages of liquid, see Kurata phase diagrams in
this report.
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Mixture A at J is in a single phase and upon dropplng the
pressure to E, droplets of liquld or dew form beginning at
pressure E. The curve C2EF 1s the dew point curve for mixture A,
sometimes known as the upper or retrograde dew polnt curve. As
the pressure is dropped below E, liquid forms reaching 1ts
maximum}volume at K. Further pressure reductions below K cause
the liquld to vaporize. When the pressure reaches G, all of
the 1liquid has vaporized and polnt G 1s the lower or normal dew
point. When compressing the mixture from L to G, dew forms in
the manner usual for pipelines.

Should one have selected a single pressure just above C2
and allowed the pressure to drop, 1t would have been observed
that at 02
about 50% by volume 1liquld and 50% vapor. Point 02 1s the

the mixture would change from a single phase to

critical temperature and pressure for mixture A; 1t 1is the
convergence of the bubble polnt, dew point, and various per-
centage lilquld lines.

Region of Interest for Pipeline Flow

Any mixture of natural gas and liquid hydrocarbons has a
phase dlagram generally similar to mixture A. Figure 4 1s
presented to relate the region of interest relative to the
phase behavior of a mixture. In the past, pipelines have
been operated at temperatures above C of Figure 4 to keep the
gas in a single phase. A mixture carefully stripped of heavy
hydrocarbons, pentanes and heavier, can carry a conslderable
amount of liquefiable propane or butane at temperatures of
LO°F and above. For these mixtures whose maximum two phase
temperature (cricondentherm point C of Figure 4) lies below
the pipeline temperature, the currently used procedures may be
followed in that there 1s no lower or higher 1limit of pressure
which will cause condensation.

This study proposes to handle in pipelilnes those mixtures
for which point C 1s within or above the plpellne temperature
range of 40-100°F. Therefore, it will be necessary for such
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mixtures to limit the lower pressure at whilch they may be
transported to the conditions corresponding to pressures of ABC
of Figure 4. It would seem that the procedure desired is a

way of finding the maximum pressure in the temperature range of
pipelilne flow used here as 10-100°F at which two phases occur.
This maximum two phase pressure will then become the minimum
pipeline pressure for single phase operation. Thus for methane-
propane mixtures, the minimum pressure in pipelines for mixtures
rich in propane, one can use the critical locl, curve C104C3

of Figure 1. The plan is to use a minimum pressure in the
pipeline 100 psi above the single phase pressure to give some
degree of safety.

It does not matter with respect to phase behavior whether
the mixture is at condition I or J on Figure 1. For pipeline
transportation, 1t can move over a temperature range including
crossing the critical at these pressures and remailn 1in single
phase. It is true that the densities of the mixtures in this
region are high compared to present values in gas pipelines, and
that the density changes rapidly with both temperature and
pressure. It 1s belleved that centrifugal compressors should
be considered for such fluids in that they are as much like
a liquid as a gas.

The terms liquid and gas become relatively useless when
descrilbing single phase fluids in the region of I and J in
Figures 1 and 4. Fluid at I might be called a "compressed
liquid", but the nature of the liquid at D, Figure 1, is so
unusual, i.e., density, compressibility, etc., that use of the
term "liquid" may be misleading. Likewise, application of
the term "gas" to fluld at J would not be meaningful. The
description of these single phase flulds can be made only by
indicating thelr density and compressibility.

Mixtures Considered in Study

The liquids which need transportation are propane, butanes,

natural gasolines or condensates, and crude oll. Initially,
11



1t was intended to consider transporting all of these liquids.
However, pipeline calculations have been made only for propane,
butanes, natural gasoline, and propane-butane mixtures. Table 1
lists the mixtures which have been studied.

One consideration 1s the volume of 1liquids which a pipeline
can handle for varlous concentrations. When vaporized, propane
represents 35.8 cublc feet at 60°F and 1 atmosphere per gallon
and n-butane 30.77 cubic feet per gallon. A plpeline with a
500 million cublc feet per day capacity will carry 1,580,000
gallons (37,700 bbls) of propane per day at a concentration of
10 mole % propane. These quantities of liquids are large. The
State of Louisiana in 1964 produced a total of 350,000 bbls per
day of all natural gas liqulds, while Texas produced 750,000 bbls
per day. The barrels condensate per million cubic feet of gas
included all the propane as listed 1n Table 1.

Figure 5 1s a plot of barrels of liquilid per day versus
quantity of gas with lines for various mixtures of gas and
liquids. It 1s helpful in arriving at the quantities of liquid
belng considered for varilous concentratlons and gas flow rates.
Thils figure does not 1lnclude the propane present in the natural
gas as condensate,

Permissible Pressures

For each mixture on Table 1, one needs to know the minimum
pressure permitted when transporting the fluld in a slingle phase.
For a 0.6 gravity natural gas and the 10% propane-90% natural gas
mixture, the 10°F minimum plpeline temperature 1s above the
liquefaction temperature at any pressure. For such mixtures,
the minimum pressure put in Table 1 is 600 psia, but this is
an arbitrary value to make the lowest pipeline pressure at
700 psia the minimum permitted pressure plus 100 psia safety
factor used for all mixtures to avoid condensation in liquid
rich mixtures.

For those mixtures which form two phases at the lowest con-
templated pipeline temperature, used here as MOOF, one needs
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the upper dew polnt pressure or bubble point pressure should

the critical temperature be above 40°F., Calculation of the

dew or bubble point pressure could be made for various mixtures
using equilibrium constantsg. However, in this region, the con-
vergence pressure for the equilibrium constants 1is very sensitive
to compositlion and machine computation wlth an established pro-
gram such as the NGPA and Oklahoma State University are devising
would be needed. However, even such a program cannot be trusted
at critical conditions. A rather frultless study was made of a
correlation of the single phase pressures with molal average
bolling point and molecular weight for the mixtures under con-
sideration. From the lack of correlation found in thls study,
it was decided to rely on experimental phase data with minor
adjustments for the mixtures shown 1in Table 1. References to
experimental data for specific systems are given in Table 2.

For the natural gas, it was decided to use a 0.6 gravity
gas with the compositlon shown on Table 1. The compositlons
for streams 2-8 are given on the table after adding the indicated
amount of liquids. For the last mixtures, 9 and 10, the composi-
tions are those used for determining the phase behavior.

It should be noted that the mixtures in Table 1 are not
the pure methane-propane and methane-butane systems, but have
intermedliate constituents present in the natural gas.

The differences in the behavior of mixtures 2, 3 and 4 as
compared to the methane-propane mixtures should be consildered.
Figure 6 shows the critical loci of the methane-propane-pentane
system. From the figure, 1t 1s observed that adding an inter-
medlate constituent, propane, lowers the critical pressure for
any methane-pentane system. In like manner, ethane will lower
not only the critical pressure at a glven temperature but also
the bubble and dew point curves for a specific mixture. Reference
can be made to the methane-ethane-propane systems of Price and
Kobayashi, shown 1n the Handbocdk, p. 5792. At 1100 psia and 5OOF,
ethane at 3% does not reduce the propane content of a dew point
gas. At 800 and 1000 psia and BOOF, the propane content is 1
or 2% less for a dew point whem some 5% of ethane 1s added to

the methane-propane system.
15
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TABLE 2

Phase Behavior Data Sources for

Tight Hydrocarbon Systems

System

Methane-Ethane

Methane-Propane

Methane-n-Butane

Methane-Isobutane
Methane-n-Pentane
Methane-Propane-
n-Pentane
Methane-Ethane-Propane

Ethane-Propane

Propane-n-Butane

Methane-Butane-Decane

Gas Condensates

Temp.
8F

("F)

0
Lo

Lo
100
160

‘70
100
160

100
160

100
160

100
160

0
50

0

50

160
100-460

160
100-460

Lo

0-200

L7

Two Phase

Press. Range

(psia)

300-900
500-900

511-1469
180-1355
380-890

819-1924
339-1904
1435-1810

100-1680
150-1400

313-2443
720-2300

1350-2375
700-2150

100-1300
100-1200

100-400
100-200

55-172

400-10,000

L00-5000

200-10,000

1000-4000

600-2700

Reflerence

5

10
11

12

13
14
15
16

b



It may be concluded that the differences in minimum plpe-
line pressures selected from binary systems are not 1n error
enough to influence the cost of pipeline transportation signi-
ficantly. Dr. Fred Kurata measured for his doctorate thesils
gas-natural gasoline mixtures for which the phase behavior are
of interest. Two of these mixtures S-2 and S-4 were selected
for this study. Figures 7 to 8 give the phase diagrams from
the thesls. At MOOF, mixture S-2 1s below the critical temper-
ature of 55OF, In this case, a higher pressure is requilred to
hold the mixture in a single phase at 100°F than at 40°F. Mixture
S-4 has the full pipeline temperature range below its critical
temperature of lO9OF.

The phase dlagrams for nine other mixtures studied by Kurata
are gilven in Appendix D along with the compositions. To obtaln
the critical points for other mixtures, the method of Kurata °
1s suggested since 1t 1s based on natural gas—liquid systems.

The minimum pressure listed on Table 1 is either the 600
psla when no phase changes occur, or the highest bubble or dew
point value found over the temperature range of 40-100°F. As
indicated previously, the ethane 1n the natural gas was neglected.
Likewise, the propane 1n the gas was neglected in findlng the
single phase pressure for mixtures 6, 7, and 8.

Initially, it was intended to use butanes as 40 mole %
isobutane and 60 mole % normal butane. The composition 1s in-
dicated in this manner on Table 1 and was used in finding pseudo-
critical conditions for viscosity and denslty to be discussed
later. Otherwise, the phase behavlior is based on methane-n-butane
properties. Isobutane generally would provide some safety factor.
The 5% propane-5% butane, mixture No. 5, has not been measured
experlmentally. The value given 1s an estimate.

The Density of Single Phase Hydrocarbon Flulds

The method of expressing the density for natural gases 1s

the gas law, including a compressibility factor (Z)
18
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PV = ZnRT

where = pressure, psila

= volume, cu. ft./1b. mole

= number of pound moles

P

)

Z = compressibility factor

n

R = gas constant, 10.73 for these unilts
T

®Rankine, °F + L460.

A generalized chart of compressibllilty factor versus reduced
pressure (pressure over critical pressure) and lines of reduced
temperature (absolute temperature over critical temperature) has
been devised for natural gases, Figure 4—16i7p. 1062. This chart

satisfactory, excepting for values of the compressibility factor

has been put in form for computing by Sarem and 1s generally
below 0.50 where errors can become large. At reduced temperatures
of 1.15 and below and at pressures of 600 to 2000 psia, the
correlation 1s not relilable.

A program (ZFAC) has been prepared using Sarem's method to
gilve the compressibility factor for any temperature and pressure
when the gas composition is known. Should the composition be
represented only by the gas gravity (G), the program uses the
pseudocriticals corresponding to the published relationship of
these values with G.

The subroutine for computing Z at any temperature (Tr 1.05=-
2.95) and pressure (Pr 0.1-14.95) requires the composition of
the gas or 1ts gravity. The critical properties and molecular
welght of Ng, 002, CHq"C7H16’ iCMHlo’ and :'LC5H12 are already in
the program. Three added constituents may be specified along
with thelr Tc’ PC and molecular welghts. Initially, the mole
fractions of all constituents and properties of the three added
constituents are set at zero.

This subroutine 1s incorporated into the pilpeline flow
program, and 1t provides the Z when called upon. An example
of the use of this program for predicting Z's is given in
Appendix F, along with a comparison of computer values with those
read from the chart.
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The AGA supercompressibility factors were not used 1n this
study, and presumably would be an alternate way of expressing
density.

For mixtures S-2 and S-4, the thesis4 gives the saturated
densities wilth only a nominal precision. Filgure 9 shows the mea-
sured saturated densities along with values at 3000 and 4000 psia

calculated from the compressibllity chart.

Viscosity

The pilpeline flow formula requires the viscosity of the fluid
as a function of temperature and pressure. In general, for simpli-
fied cases a constant flowing temperature will be used in the
plpeline. Therefore, it 1is more appropriate to say that the
viscoslty 1s needed as a function of pressure at a glven temper-
ature (6OOF) and for a given composition.

The viscosity of methane, some natural gases, and of the
methane-butane and methane-propane system have been determined.
These viscosities also have been correlated as a function of
reduced temperature and pressure with a reasonable degree of

18,19

success’ Table 3 lists the sources of data which are of
interest. Figure 10 gives the reported methane-propane viscositiles.
It was decided to use the correlation of Bicher and Katz
for the viscosity of the fluids. Figures 11 and 12 give the
correlation based on reduced temperature, reduced pressure, and
molecular welght. The work of Carr et all9 indicated that Bicher's
data had some inaccuracies over some ranges of pressure, since
Bicher apparently had some turbulence in his rolling ball vis-
cosimeter. The correlation of Carr et al probably would have
been better but would have been more difficult to use. In view
of the indirect effect of viscoslity on the friction factor, the
work of Bicher seemed satisfactory.
The viscoslity correlations as shown in Figures 11 and 12
were programmed by submltting the points on the curves as data

22
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System

Methane
Methane-Propane
Propane
Methane-n-Butane
Ethane

Pentane

Natural Gases

TABLE 3

Viscosity Data

2k

Pressure
(psia)

14.7-4000
14.7-4000
14.,7-4000
14.7-4000
100-4000
100-3000

100-4000

Source

18,21
18
18,22
23
22
24
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and providing an interpolation procedure. Appendix G lists the

viscosity data used by the computer.

Pipeline Flow Calculations

Upon discussing with the Advisory Committee the appropriate
equation for making pipeline calculations, a copy of the report
"Computation of Flow and Natural Gas Transmission Lines" by the
Institute of Gas Technology with A. E. Uhl and Committee NB13
as the author (1964) was supplied to the projectl. It was agreed
that this method of computing pipeline flow would be satlsfactory
from the standpoint of the sponsor companies. Therefore, an
effort was made to see how this formulation of pipeline flow
fitted into the usual Moody friction factor concept for flow of
fluids in pipes. If possible, the flow formulas used in the
report would be used but with an understanding of the friction
factor which the procedure follows.

It was found that the partially turbulent flow calculation
procedure was that of using the Moody friction factors with a rough-
ness corresponding to smooth pipe. Added factors for degrees of
bending and plpeline flow efficlency are included. Otherwise,
the procedure is exactly that which would be used in the normal
Weymouth type equation which employs the Moody friction factor.
In the fully turbulent case, a further simplification is made in
the report which does not appear necessary in this project.
Accordingly, the pipeline flow formula 1ls presented in the manner
which 1s believed to be compatible with the IGT report and the
flow calculations with which the writer is already famililar.

Flow Formula

It 1s proposed to calculate flow in natural gas transmission
lines by the followlng equationl:

U, = 115 Fop Frop For Frp Froy Fq By Fp Feo \—1— (1)
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where

Q,

th

pb

Fgr

!

tf

Il

Ii

li

gas flow rate - cu. ft./day at P, and T

b b

pressure - psia
Pl inlet pressure
P2 outlet pressure

i

total length of pipe between compressor stations
excluding any edquivalent length due to bends in

pipe since such 1s included in F.. Equilvalent
length due to valves, gates, etc. are to be
included.

L = Ly/NOS, miles
L = total length of line, miles
NBS = number of stations
T
base temperature factor *%%u A base temper-
ature factor of 60°F will be used. F, = 1.0
base pressure factor 12'73. A base pressure of
b
14.73 will be used.
pr = 1.0
gas gravity factor = Qéé
molecular welght/29.0
» _ 520
flowing temperature factor = L
f
flowing temperature - °Rr
supercompressibility factor = %

line diameter factor = D2'5

inside diameter of the pipe in inches

transmission factor = _ =

29
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f = fanning friction factor
r = Moody friction factor

Ff = drag factor = function (Bend Index). Graph
of Fe versus Bend Index is as shown in
Figure 13 (reproduced from Figure IV-1,

p. 56, IGT report, 1964).

Ffe = flow efficiency factor. Normally use Ffe = 1.0

unless there are data on cleanliness, etc. to
reduce the value.

For the above restrictions the equation reduces to
0.5
2 2
Py - B
Q‘b = (75 Fgr th va Fd Ft Ff L

Calculation of Supercompressibility Factor

In evaluating F a pressure and temperature are needed.

pv’

The pressure to be used is the Paverage (P

P.P
avg 3 1 2 P1 + P2

Calculation of Moody Friction Factor and Transmission Factor (F,)

) defined as follows:
avg

The Moody frictlon factor has been plotted against Reynolds
number with lines of constant wall roughness (Moody, 7-25), (Katz,
Figure 7-3, p. 303)25 The Reynolds number for a gas flowing in
pipe 1s glven by the followlng equation:

e (2 ()

where Re = Reynolds number, dimensionless
Q, = gas flow - cu. ft./day at P, and T

I~

Re =

b b
_ . . . 1b
M= fluid viscosity - sr—4g¢
D = inside dlameter of pipe - inches

Pb = base pressure = psia

Tb = base temperature - °r
30
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For P, = 14.73 psia and T, = 520°R of this report

b b

QG
Re = 1.3526 x 1077 —2- (15)

o

The friction factor will be found for a pipe roughness of 250 micro-
inches. Colebrook's relationship, Handbookg, p. 302, for evaluating
the Moody frictlon factor in the form used by the AGA becomes

F, = —a— = L4 log D y2.28 -4 log (1 + 9.34 _D/EE_ (16)

t W/E& EE* ReW/FM

Drag Factor (Fp)

This factor is taken from Figure 13 corresponding to 200 degrees
of bends per mile for plastic lined pipe and becomes 0.936.

Work of Compression

In obtalning the work of compression, one solves the basic
flow equation which for horizontal flow and neglecting kinetic
energy changes become2 (p.315, Equation (7-66))

o
A = f vap (17)
Py
where A = work of compression
V = volume
P = pressure

During compression, the temperature rises and the relatlonship
between volume and pressure 1s dependent upon the thermodynamic
properties of the fluld, the heat transferred from the fluid during
compression, and the flow inefficlencies which occur 1in the
compressor.

It has been customary to employ the ideal gas relationship

for adiabatic and reversible compression in finding the relationship

%Where EE = pipe roughness, inches
31
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between V and P, namely

k
py¥ = Plvlf

constant (18)

where k = ratio of specific heats, Cp/CV.

When using this relationship between P and V and still retaining
the units of ft. 1lbs./lb. for A, one obtains

k -1
ok 53.241 T, BYTE (19)
k -1 G P2
G = gas gravity, molecular weight/29.0
Tf = inlet temperature, OR

Subscript 1 refers to the outlet pressure of the compressor
or maximum pressure in the pipeline.

Subscript 2 refers to the inlet pressure to the compressor
or minimum pressure in the pipeline.

Retaining the ideal gas relatilonship but converting units of A
to horsepower per million cublc feet of Gas (14.73 psia and
6OOF) per day, one obtains

k - 1

k T, P, o {
A = 0.088 lr_{-_—-_l 'F—g— - l \20)

The question arises as to the most sultable method of converting
thils formula based on 1ldeal gases to one which will handle actual
gases, knowing that the deviation from 1deal gases can be of a
considerable magnitude. Also, at what temperature should the
value of k be evaluated?

One way to evaluate the work 1s to invoke a parallel equatlon
for work of compression based on entdlpy increase during adlabatic
reversible compression. Equation (7-79), p. 316 of Reference 2

with units of A given above shows the equation to be
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A = 0.0432 AH

where AH 1s increase in enthalpy during pressure rise
along a constant entropy line.

Enthalpy - Entropy diagrams have been prepared for natural
gases at various gas gravities, such as 0.6, 0.7, 0.8, 0.9, and
1.0. By use of such charts and selected conditions, one can
obtain the work of compression.

Three methods for correcting the deviation of the gas from
ideal conditions have been used in modifying Equatioh (20). None
of these equations are exact; they are expected to find the same
result as integrating the VAP term with the actual volume used
at each P. This would require multiplying each ideal volume by
the Z which corresponds not only to the pressure involved but
to the temperature to which the gas has risen at each ilncrement

of pressure rise. The three versions are

k - 1

A, = 0.0854 [—X Eﬁf@. f ) -1 14,73
1= 0.05% (=—7) EFF | |? 10,65

2

where jﬂigg'is a conversilon of the constant to correspond

to 14.73 as P, .

Z = compresslbllity factor corresponding to inlet
conditlions. :

EFF = compressor efficiency, taken as 0.80 for
centrifugal compressors.

P .
N —‘
=— = compressilon ratio.
P : _
2 . .
Tf = ihlet gas temperature, °g.
k = ratio of specific heat at constant pressure to

that at constant volume.

Thils equation was recommended . by the Natural Gas Pipeline Company
of America. '
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K
T P
_ s £ 1 14.73
Ay = 0.0853 (k - 1) EFF (_Ez) -1 Imes (23)

The equation is from the Handbookz, p. 316.

K
whoeh [ Te\ 4 ok 2 + 22) /B
43 = “EFF (520) (k = 1) <—2 T, -1 (24)

This equation was supplied by the Columbia Gas System Service

Corporation.

From this study, see Table 4, it was agreed to use Equation (22)
for computing the work of compression. The equatlon uses the
compressiblility factor at the entrance to the compressors as a
direct factor on the ideal gas quantity.

Economics of Single Phase Pipeline Flow for Mixtures
of Natural Gas and Liquid Hydrocarbons

The purpose of this study 1s to devise a method of cal-
culation for predicting the conditions at which natural gas and
liquid hydrocarbons may be combined as a single phase system
and transported economically in pipelines. It is known that the
light hydrocarbons can be maintained in single phase with natural
gases under speclified temperatures and pressures. The ability
to carry such 1light hydrocarbons over long distances along wilth
natural gas may become economical if pressures higher than those
normally used in pipelines are available. The use of higher
strength steels would be advantageous 1n thils connectlon. This
survey proposes to set up a master economic program of pipeline
flow in which the prime variables are investigated systematically
to find the minimum cost of transportation.

During the course of the study, three programs have been
written for the economic calculations. At the time the first

25
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progress report was written, the calculations were directed toward
finding the slze of pipe and number of compression stations to
give the minimum cost for a fixed flow rate, composition and
strength of pipe. It 1ncluded a Lagrangian method of undetermined
multiplier to predict the compression ratio for the minimum cost
before proceeding to calculate the minimum cost. The maximum
pressure in the pilpeline was fixed.
The second method fixed the composition, plpe strength,
dlameter of the plpe, and maximum pressure in the pipeline as
1.65 times the minimum permissible pressure for the composition.
The third method--which 1s the one used in reporting the

results herein--fixes

Composition

Minimum plpeline pressure
Strength of steel

Pipe dilameter.

For a serles of flow rates, the cost of transporting gas
is found for an increasing number of compression stations
(decreasing compression ratio) until the cheapest cost is found
for that flow rate. The flow rate 1s increased in 1lncrements,
and the procedure 1is repeated until the cost increases over the
previous minimum. Calculations are made for 16, 24, and 30 inch
0D pipelines.

The economlc computer program has been deviged to compute
the cost of transporting a thousand cublc feet (Mcf) of natural
gas 100 miles when using a pipeline 1000 miles long. The cost
includes both amortization of the investment and operating expenses.

The basic calculations made fix the following items:

Composition
Strength of steel
Pipe dlameter

0 0 T o

Flow rate

1



e. Number of compressor
stations

. Minimum pressure or inlet
pressure to compressors (P,).

For a given case, the pressure drop between stations is computed
by Equation (12), and then the horsepower is computed by Equation (22).
For this particular case, the cost of transportation can be found.
The pilpeline investment is obtalned by finding the tons of
steel and laying cost. The pipe wall thickness is calculated by
Equation (Al) using the maximum pressure calculated in connection
wilith pipeline flow. From the wall thickness, dlameter, and cost
per ton of steel, the pipeline and communlcation system 1lnvestment
is computed (IINVL).

IINVL = (YW + N X OD + H) %%; (25)
Y = $/ton of steel

W = tons of steel per mile (see Appendix A)

N = cost of laying pipe, $/mile/in. OD = $1200

oD = outside diameter of plpe in inches

H = cost of communication system, $/mile = $3000

QB = cublc feet of gas flowlng per day

IINVL = cents/100 miles/Mcf/day.

The statlon investment éIINVS) is obtained from

Xllo A
IINVS = cents/100 miles/Mcf/day
Xy = fixed station cost = $270,000
X = cost per horsepower = $165
A = horsepower per station per million cublc feet per
day L
NOS = number of stations for 1000 mile line, T?
Ly = total length of pipeline, miles (used as 1000)
L = length of line between stations, milles
QB = flow rate in cubic feet per day.
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The transportation charge due to investment is taken as 15% per
year. Therefore the cost of transportation due to investment

when flowing gas 365 days per year becomes

cvam = [ TINVEL + TINVS] 372 (27)
CMMAM = transportation charge or cost due to investment 1n

cents/100 miles/Mcf transported.

The operating charges are computed as follows by adding the
fuel cost, compressor operating charge, the gas loss, the line

maintenance, and the administration expense:

CMMOP = [(FHPER) 24 x 365 x CF + cumg] 10 & ey
103 oo x 10° AD" (26)

+ | LG X GASCST X Tt OB X 365 10 + 3650

CMMOP = transportation cost for operations in cents/100 miles
/Mcf

FHPHR = Mcf per horsepower - hour = 8.7 X 1073

A = horsepower per station per million cublc feet per
day

QB = flow rate of gas, cublc feet per day

CF = fuel cost for compressors, $0.20/Mcf

CLMS = maintenance charge of stations, $/hp/yr = $19

FOQP = fractlon of time in operation = 1.0

NOS = number of stations, used as 1290

GASCST = charge for gas lost, $/Mcf, used as $0.20 = CF

LG = gas loss 1in passing through line, fraction, used
as 0.005

LT = total length of line = 1000 miles

CLML, = labor and maintenance cost for line, $/mile/yr, used
as $850

AD = administration expenses, $/mile/yr/MMcf/day.

The total cost of transportation then becomes the cost due
to Investment plus that due to operations.

CY

CMMAM + CMMOP (29)

CY = cents/100 miles/Mcf.

*
After all calculations had been made, it was found that the correct
expression should have been AD/36.5.
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TABLE 5

Economic and Other Factors Used in Study

Length of line (L) 1000 miles
Flowing temperature (T.) 60°F
Pipe strength (S) 65,080 psi and 100,000 psi
Pipe diameter EOD) 16 inch, 24 inch and 30 inch (OD)
Pipe roughness EE = 250 micro-inches
Bend Index 200° per mile
Longitudinal joint factor for pipe (E) 1.0
Pipe design factor (F) 0.72
Compressor efficiency, EFF, 80%
Pipe cost (Y) 65,000 psi strength, $265 per ton
100,000 psi strength, $384 per ton
Cost of laying pipe (N) $1200 per inch OD per mile
Communication system cost (H) $3000 per mile
Compression station cost (X; + X) $270,000 + $165 per horsepower
Cost of fuel (CF) 20 cents/Mcf
Fuel consumption (FHPHR) &.7 X 1073 Mcf per horsepower - hour
Cost of labor and maintenance for pipeline (CLML) $850/mile/yr
Cost of labor and maintenance for compressor stations (CLMS)
$19/hp/yr )
Gas loss (LG) = 0.005 fraction.ff flow at 20 centj/Mcf
Administration expenses (AD cents/100 miles/Mcf
p (AD) 3555 /
Annual 1nvestment charge, 15% per year
Line assumed to flow at 100% capacity 365 days/yr

Lo



Calculation of Transportation Costs

With the computer program given in Appendix B, the costs of
transporting the 10 mixtures given in Table 1 were computed as
shown by example in Appendix C. For each mixture, the minimum
single phase pressure was determined as listed in Table 1. To
this pressure, 100 psi was added to find the minimum pipeline
pressure. Calculations were made for this minimum pipeline pres-
sure and for a pressure 400 psi higher.

The variables used in addition to pressure when surveying the
cost of transporting the various mixtures were

Pipe strength

Pipe dilameter

Number of stations in 1000 milles
Flow rate.

For each composition, strength of steel, minimum pressure,
and pipe dlameter, a series of calculations are made with in-
creasing number of stations at each of a seriles of flow rates.

As shown on Figure 14, for a fixed composition, strength of steel,
plpe diameter, and minimum pipellne pressure, the cost 1s found
at each of a series of flow rates for an increasing number of
compression stations until the cost goes through a minimum value.
Figure 14 1s for the. 80% natural gas-20% propane mixture. The
starting minimum number or compressor stations 1s set by including
it as data in the computer program, and the costs are calculated
for 1t and the next larger number of stations in sequence until
the cost rises. At this point, the flow 1s incremented, and the
procedure 1s repeated as long as the minimum cost decreases for
the new flow rate.

The minimum cost at each flow rate of Figure 14 is plotted
versus flow rate on Figure 15. All three pilipe sizes are included
on this one plot. As would be expected, the larger plpe slzes
give lower costs of transportation. Figure 15 for the 80% natural

L1
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gas-20% propane with 100,000 psi steel is included in the report.
The remainder of these plots igs 1included as Appendix E.

The original calculations for the 65,000 psi steel cases
were based on $228 per ton rather than the $265 agreed upon as
the proper cost. Rather than redoing the entire calculations, a
program was written to compute only the new cost based on the
horsepower per million cubic feet, pipe thickness, number of
stations, and flow rate already determined. These computations
were made for the 65,000 psi cases using five different number
of stations adjacent to the minimum point previously found.

The 100,000 psi steel cases were run correctly as shown in
the example print-out 1n Appendix B.

The minimum cost for each case is listed on Table 6, 66
values for the 65,000 psi steel and 45 values for the 100,000
psi steel since only 7 compositions were run in the latter case.

These costs for transporting varilous streams composed of
natural gas and condensates are used to predict the cost of trans-
porting the liquild portion of the gas stream.

The strength of the steel is a variable in the computer
program, but only the 65,000 psi steel at $265 per ton and the
100,000 psi steel at $384 per ton were investigated. At these
prices, the lines designed to use 100,000 psl steel gave cheaper
transportation costs than the 65,000 psi steel.

The flow rate 1s a key varlable in determining the cost of
transporting the mixtures. Figure 16 is a plot of cost of trans-
portation versus flow rate, with an ldentification of the pipe
diameter and minimum pipeline pressure all for the 100,000 psi
steel. The relationship is much as one would expect, a decreasing
cost with higher flow rate.

The effect of pressure on the cost of fransportation 1s
indicated on Figures 17 and 18; the flow rate is identified
for each point, all for the 100,000 psil steel. It is difficult
to separate flow rate and pressure, but it appears that the cost
of transportation decreases with pressure up to about 2500-3000
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Transportation Cost— cents /100 miles/ Mcf
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Figure 16, Effect of Flow Rate on Cost
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psia. It should be noted that the maximum pipeline pressure is
plotted on these filgures. The maximum pressure was found by
multiplying the minimum pressures in Table 6 by the compression
ratio listed on Figure 15. A similar plot using minimum pressures
for the 65,000 psi steel with the incorrect cost of steel as dis-
tributed 1n the progress report gave a similar impression.

The effect of}molecular welght on cost is given on Figures 19
and 20. Again, it 1s difficult to be sure the effect of flow
rate 1s not obscuring the independent effect of molecular weight.
Generally, lncreases 1n molecular weight are accompanied by a
decrease 1n cost. That 1s, the addition of propane or butane
gives a lower overall cost of transportation per unit of fluid.
The hilgher molecular weights represented by the Kurata mixtures
give rising costs, but they could be influenced by the unusually
high operating pressure needed to keep the mixtures 1n single
phase.

Effect of Temperature

These calculations have all been made at 60°F. The nature
of the compressibility factors 1is such that there would be less
effect on the density by adding higher molecular weight hydrocarbons
at higher temperatures and greater effect on density at lower
temperatures. Thus, the effect of increased pipeline capacity
observed in winter when the temperatures are lower would be

accentuated for gases carrying condensates.

Cost of Haulling Liquids

The objective 1s to find the cost of transporting the liquid
constituent. To do this, it appears logical to set some cost
for transporting the gas alone. Then 1t 1s necessary to set
some total flow rate and divide the composition into the gas
portion and the liquid portlon. By knowing the transportation
cost of the mixture and that of the gas alone, one can find the
cost of transporting the liquid.

One method of proceeding is to use a standard cost for
transporting gas. The value of 1.1 cents/Mcf/lOO miles or
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11 cents/Mcf/100 miles is used as the best value at 500-600
million cu. ft./day and is the minimum value considered. At

a flow rate of 900 million cu. fte/day, the cost of transporting
gas 1s down to 0.95 cents/Mcf/100 miles.

Table 7 glves two example calculations of the cost of haullng
liquids. The propane cost of 13.4 cents per barrel per 1000 miles
for Case I 1s consilderably below that of Colonlal Plpeline Company
tariff for products shown in Table 8, but of course there 1s some
cost of separating the liqulds from the gas at terminal. Case II
is for condensate where the milxture costs more to haul than does
natural gas because a 16" line is used. Here, the condensate
1s still cheaper than product pipeline tariffs.

In examining Tables 6A and 6B, one can find for 24" or 30"
diameter pipelines several cases where the flow rates are the
same for gas and for specific mixtures. Taking such palrs of
conditions, the cost of haullng ligquids is computed for several
mixtures on Table 9. These calculations show very favorable rates
for transporting liquilds when extremely large qQuantities are
involved. These results are ample justification for further
pursult of these concepts for hauling liquids, including in-

vestigation of separation costs.

Conclusions

L. The addition of the light hydrocarbons propane, butane,
and condensates to natural gas flowing in pipelines increases
the total flow capacity of the line and reduces the cost of
transportation.

2. The pressures required to keep these liqulds in single
phase are above present pipeline pressures, but not high enough
to increase the cost of transporting the gas mixtures.

3. The cost of hauling liquilds, dissolved in natural gas
without consideration of separation costs, 1s some 35-50% of the
tariffs posted by the Colonilal Pipeline Company for liquid products
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L, A slight advantage was found for using 100,000 psi steel
at $384 per ton over 65,000 psi steel at $265 per ton.

5. Operating pressures up to some 2500 psl in pipelines
appear to decrease the cost of transporting single phase natural
gas liquld mixtures.

6. This study should be a sufficient basis for further con-
sideration of transporting liquild along with natural gas, whenever

large quantities of 1liquild need to be transported over long distances.

DLK
7-23-65
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TABLE 7

Calculation of Cost of Transporting Liquids
in Gas Pipeline for 1000 Miles

Case I 20% Propane-80% Natural Gas

65,000 psi steel

24 inch pipe

Minimum pressure 1960 psia

Flow rate 900 million cu. ft./day

(131,000 bbls/day propane)

Cost of transportation = 0.938 cents/100 miles/Mcf

Using a cost for natural gas of 0.95 cents/lOO miles/Mcf
(9.5 cents/1000 miles) and dividing stream into
0.7816 x 900,000 = 704,000 Mcf of gas and 131,000 bbls

900, 000, 000

(0.2184 x 358 % I ) of propane.
Cost per day for 900 million at 0.938 x o = $8k,500
Cost per day for 704,000 Mcf at 0.95 X g = 66,900
$17,600

In this case the propane 1s hauled 1000 miles for

17,600 x 100 _
137,000 = 13.4 cents/bbl.

Case II Kurata S-4 Gas Condensate

100,000 psl steel

Cost of hauling 1.26 cents/Mcf/100 miles

Flow rate 450 million cu. ft./day

16 inch pipe

Minimum pressure 2630 psia

84,300 bbls condensate/day

352 million cubic feet of natural gas 10

Cost of hauling mixture 1000 miles 450,000 x 1.26 X150 = $56,700
10

Cost of hauling natural gas 352,000 X 1.1 X 100

|

38,700

$18, 000
18,000 X 100
8IF, 300

The cost of hauling the condensate 1s
= 21.4 cents/bbls/1000 miles.

55



TABLE 8

Published Tariff for Product Transportation

Entrance
to
Pipeline

Beaumont
(Texas)

Lake Charles
(Loulsiana)

Pasadena
(Texas)

Beaumont
(Texas)

Beaumont
(Texas)

Beaumont
(Texas)

by Colonial Pipeline Company

Exit from
Pipeline

Philadelphia (Pa.)
Philadelphia (Pa.)
Philadelphia (Pa.)
Chattanooga
(Hamilton County)

Knoxville (Tenn.)

Nashville-Davidson
(Davidson County)

56

Estimated
Miles

1380

1320

1450

860

960

990

Cost
cents
/bbl

31.75
31.25
33.50
2L .65
25.75

26.05

Cents
/bbl
1000
miles

23.0
23.7
23.01

28.7

26.8
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APPENDIX A

FORMULA FOR COST OF PIPE






(Eqn. 841.1, ASME code B31.8, 1963)°7

The cost of pipe is given by

=

7(0D% - (OD-2THK))? _ 62.4 x 7.86

=

¥ x 5280 x Ik x 144 2000

7,08 (0D° - (OD +LTHK2-2(0D)(2THK))(Y)
YW = 28,2 THK(OD-THK)(Y)

Cost of pipe material, $/ton

Outside diameter of pipe, in.

Inside diameter of pipe, in.

Maximum pressure in pipe, psig

Density of steel 490, 1b/ftJ

Minimum specified yield strength of steel, psi
Construction type design factor as given in Table 841.11,
ASME cods B31.8, 1963 (Ref. 25) (taken as 0.72)
Longitudinal joint factor as given in Table 831.12, ASME
code (taken as 1.0)

Temperature derating factor for project (taken as 1.0)
Cost of pipe, $/mile

63

The thickness of the pipe can be calculated by the following formula

(A-1)

(A-2)

(A-3)






APPENDIX B

COMPUTER PROGRAM AND NOMENCLATURE






The computer program written in MAD solves in sequence the flow equation
for pressure drop in the pipeline, the horsepower requirement for compression
of the gas, and economical equations for obtaining the cost of transportation
of the gas. Table B-1 is a print-out of the program as used in the pipeline
flow calculations reported herein. It is the third program developed. The
program was written to make it as general as possible and not all of the posg-
sible cases have been used in the example problem. The hand calculation fol-
lows in Appendix C. The nomenclature follows the program.

It 1s believed that a reading of the program along with the nomenciature
will provide an understanding of the calculations. Some explanations are
given where they are thought to be necessary.

The program reads all the data. It stores the information about the
composition and initializes all the counters for diameter of the pipe, the
strength of steel, minimimum specified flow rate, maximum pressure in the pipe-
line and the initial number of stations. The diameter of the pipe and the
strength of steel are fixed parameters. A provision is made to allow for dif-
ferent initial and final flow rates, and number of stations. The initial flow
rate corresponding to the diameter selected is read in as data. The switch
(COMPSW) is turned "on" or "off" by making its values 1 or O. By having it
off the program computes the composition of the gas based on addition of pro-
pane and butane in barrels/day. If the switch is "on" the program expects
the compositions of gas specified as part of the data.

The next step is to compute the pseudo critical properties of the mixture
and the molecular weight. The program allows for No, COp, and methane to
heptanes in the mixture. The gas gravity is computed by dividing the molecu-
lar weight of the mixture by 29, the molecular weight of the alr. From gas
gravity the gas gravity factor is computed.

The next step is to have the machine know what the minimum pressure in
the pipeline is going to be. If this pressure is already known then the
value of MMWT should be set higher than the molecular weight of the mixture.
As we do not expect any mixture to exceed: a molecular weight of 40, this
number can be safely used. The program also has provisions for computing
the minimum pressure as a function of the molecular weight at 40° or 60°F.

In order for the computer to calculate the minimum pressure the value of MMWT
should be set legs than the expected molecular weight. In case nothing is
read in the data for MMWT, it will be taken as zero making it safe automat-
ically. This feature was put in the program when a correlation of minimim
pressure with molecular welght was being developed. Whenever the interpola-
tion 1s required as in the calculation of viscosity, compressibility factor
and ratio of specific heats, the program makes use of subroutine TAB., A
comment "unsuccessful interpolation" is printed whenever some error in inter-
polation occurs. The TAB subroutine follows the program.
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The maximum pressure in the pipeline is computed by adding 100 psia to
the minimum pressure (for safety when handling condensate) and multiplying by
the assumed compression ratio. The initial value for the starting number of
stations is furnished as input data.

The length between the compressor stations is computed. The thickness of
the pipe, the inside diameter of the pipe and the line diameter factor are com-
puted. Since both the maximum and the minimum pressure in the pipeline are
known the average pressure is computed. From this value the reduced pressure
is calculated;the reduced temperature is computed from the temperature of the
line supplied as part of the data.

Based on the reduced temperature and pressure the compressibility factor
of the single phase fluid is computed by Sarem'slT method. A separate subrou-
tine (ZFAC) has been prepared for this purpose, Appendix F,

The compressibility factor calculation by Sarem’s method is good only when
reduced temperature is greater than 1l.l. The program has the facility to compute
compressibility factors for reduced temperatures less than 1.1 provided the ex-
perimental data is available. In the case of the methane~propane system the
data has been obtained from Sage and Lacey . The data are stored as a two-di-
mensional array. Multiple interpolation with the help of subroutine TAB has been
used to obtain Z values at any reduced temperature and pressure. At any stage
if there ig any difficulty in obtaining interpolation a comment is printed out
indicating that effect. At the same time based on molecular weight and the
reduced temperature and pressure,the viscosity of the mixture 1s computed by
the method of Bicher and Katzcl The points on the curves of the viscosity
correlation are supplied as part of the data in this program and interpola-
tion techniques are used (see Appendix G).

In order to compute the transmission factor (Ft) the value for the Moody
friction factor must be known. The Moody friction factor chart is well satis-
fied by Colebrook's relationship® as given by Eq. (16) both in the fully tur-
bulent region and in the transition zone. If the value for FIB 1s set as 1,
it indicates fully turbulent region, and if the value is zero it 1s taken as
the transition region. In most of our calculations we are in the transition
region., Therefore, the value of FIB has been set as zero. The Moody friction
factor requires a trial and error calculation and therefore it has been pre-
pared as an external function and named FNGFRI. This external function com=
putes the value of transmizsion factor (= 24/FM) directly.

Since the gas gravity factor, temperature flowing factor, supercompres-
sibility factor, transmission factor, drag factor (read from Fig. 13 and fed
as part of the data), flow efficiency factor (known by experience) and line
diameter factor are known the program is ready to calculate the pressure drop.
The compression ratio i1s computed using the minimum pressure, P2, and the
pressure drop. If the difference between the agsumed and calculated values of
the compression ratio is greater than 1%, the calculated compression ratio is
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taken as the assumed value and the calculation repeated until there is agreement
within 1%.

Based on this compression ratio, the new maximum pressure in the pipeline,
new thickness of the pipe and new internal diameter of the pipe are calculated.
A new flow rate is also computed. This will be automatically within 1% of the
flow rate for which the entire calculations are based.

Once the compression ratio is fixed the horsepower required is computed
with the help of Eq. (22). A new value of compressibility factor based on in-
let conditions at the compressor is computed and used in the formula.

At this stage the program is ready to compute all the costs required.
The operating cost,ammortization cost, initial line and station investment
are computed based on the flow rate existing in the line at that particu-
lar section of the line. The fuel consumed at each station is subtracted from
the flow rate existing in the line.*

When the calculations are completed for the minimum flow rate and number
of stations, the number of stations is incremented by one and the calculations
repeated until the transportation cost increases for that flow rate. The min-
imum cost is stored separately for each flow rate. The flow rate is increased
in appropriate increments (set in data)until the minimum cost corresponding to
each flow rate starts rising. The absolute minimum cost corresponding to a
certain diameter of the line and flow rate is stored separately and is printed
out at the end when all the calculations pertaining to that line have been com-
pleted.

For each flow rate the program makes a plot of transportation cost (sum
of operating cost and ammortization cost) as a function of number of stations.
Upon completion of the calculations for each diameter of the line it also
makes a plot of the minimum cost of transportation as a function of flow rate.
These plots are very handy for a quick survey of the answers obtained.

It may be pointed out that any information fed to the computer in one
set of data remains unaltered even when that set of data has been processed
and a new set is getting processed unless and until those values get changed
in the program or are changed by the new set of data. As an example if the
composition of propane is 0.05% for one mixture and is zero for the other mix-
ture, then it will be necessary to make the value of the composition of the
propane as 0, otherwise it will be counted as 0.05.

*The initial line and station investment and the transportation cost are based
on the average value of gas flowing which amounts to saying that the cost of

the fuel should include a transportation cost to the station at which it is
used,
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Explanation of the Input Data

The computer program was written to be very flexible in processing data
for various types of conditions. This flexibility 1s controlled by various
control variables which are defined in the nomenclature to make the understand-
ing and use of the program simpler. A brief description of the input vari-
ables are given below with a detailed account of how to use the control vari-
ables. Reference may be made to Table B-3% for an example print-out of the
input data.

KCP, MWT1

These represent the points taken from a graph of K(CP/CV) as a function of
molecular weight, For any value of molecular weight of the mixture the sub-
routine TAB finds the corresponding value of K.

pp, VFM, VFM1l, COM1, MP

These are used to calculate the specific volume and then the compres-
sibility factor at any pressure between 200 and 5000 psia and any temperature
between 40 to 100°F for methane-propane system and having reduced temperature
less than 1.1, PP represents the array for the pressure, VEM the specific
volumes at LO°F starting at 0.2 mole fraction methane to 0.9 mole fraction
methane. Similarly VFEML represents the specific volumes at 100°F. COM1
specifies the mole fraction methane. MP represents the number of pressures
used which in turn become the number of columns in the two-dimensional array
of VFM and VFML.

V, V1, PRD, NP, MT, XS

These are used to calculate the viscosity at any reduced temperature,
pressure and molecular weight for the mixtures under study. V represents
the points taken from curves starting at reduced temperature of 3 to the
ones at 0.65. VL represents the array for reduced temperatures. PRD gives
the array for reduced pressures, and NP for the number of reduced pressures.
MT and KS represent the graph of KI (correction factor for viscosity) as a
function of molecular weight.

TN2, TCO2, ..., TNC6HL, PN2, PCO2, ..., PNC6H4, MN2, MCO2, ... MNCOEHAL

These are data for the critical temperatures and pressures and the molecu-~
lar weights for No, COp, CHy, CgHy), 1CLHig, and iC5H12,
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SR1, SR2, ..., SR6, Y

These represent the strength of steels and their corresponding costs in
$/ton. In case only one strength of steel is to be processed set SR2 to SR6
as zero.

BUTI, DBUT, BUTF AND PROPI, DPROP, PROPF

If information is desired for the additionof butane and/or propane to
the gas in barrels/day the variables above may be used. These variables
represent the quantity of butane or propane added in barrels/day. The initial
and final values will be set as zero in case there is no addition as barrels/
day. DBUT and DPROP are the incremental additions of butane and propane used
in the iteration if a series of calculations are desired. Additions are nor-
mally added by specifying the desired values of the gas composition.

NOSF

This represents the maximum value for the number of stations. Depending
on what is considered a minimum length between compressor stations, the value
of NOSF should be set.

CRI AND DCR

These represent the initial value for the compression ratio. If the
maximum allowable compression ratio (CRMAX) has been set as 1.65 CRI may be
set as 1.2, DCR allows for changes in CRI during the processing of the data,
but normally it should be set as zero.

COMPSW

If we have mixture of known composition and no additional propane or
butane (PROPI; BUTI) is added then this should be set as 1. Otherwise it
may be set as zero.

QBI, DQB, QBF

These represent the initial, incremental, and final flow rates for the
flow rate iteration loop. Judgment should be used in setting up these values.
QBF may be set higher than normally expected as the program is going to stop
increasing the flow rate once the cost starts increasing.
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Normally we should set its value greater than the expected molecular
weight. In case we have data for the minimum pressure as a function of molecu-
lar weight at 40° or 60°F then MMWT may be set as zero.

OD1l, OD12, OD13

These represent the outside diameters of the pipe chosen for investiga-
tion, In case we went to process only one diameter, ODll should be set equal
to the desired diameter and OD12 and ODl3 should be set as zero.

CRMAX

This represents the maximum allowable compression ratio.

This represents the minimum number of stations which will be processed
irrespective of whether the minimum cost has occurred or not. This is usually
set at 5.

FFF

Minimum number of flow rates which will be processed. If only one flow
rate is to be processed set FF equal to 1. Normally FF should be set as 3
since if the second flow rate gives a higher cost than the first, the program
will set the flow rate one step less than the first flow rate and process that
condition., It will repeat the process until it finds a suitable flow rate.
This helps set the initial flow rate when poor Jjudgment is used in selecting
it.

FF

This ie a drag factor. Its value is read from the graph of drag factor
as a function of bend index.

NST1, NST2, DQB2, DQBL, QBMX, QBMX2
In certain mixtures it will be wasteful to process the costs starting

from the same number of stations for all the flow rates. To avoid this, the
program has the facility to change the initial value for the number of sta-
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tions and the flow rate increment. NST1l and DQB2 represent the initial number
of stations and the incremental flow rate to be used when the flow rate becomes
equal to @BMX. Similarly NST2 and DQB4 represent the initial number of sta-
tions and the incremental flow rate when the flow rate becomes equal to QBMXZ2.
QBMX2 should be set higher than QBMX. In case no change is needed then their
values should be set higher than the expected final flow rates (QBFl, QBF12,

QBF13).

Three external functions available from the Computer Library of The Uni-
versity of Michigan Computing Center were used in the program. They were
TAB, SETPLT, and ZERO. A brief description of how to use the external func-
tions is included.,
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PURPOSE

CALLING
MAD
FOR
UMA

ARGUMENT
X

Xt
YY

M1

M2

K
N

SW

CODING I
s$T0

TABLE B-1 (Continued)

TAB 1720762
SINGLE TABLE INTERPOLATION

GIVEN THE VALUE OF AN INDEPENDENT ARGUMENT X, PERFORM A KTH
ORDER INTERPOLATION ON A TABLE OF (X{I)eY(I)) VALUES FOR THE
CORRESPONDING DEPENDENT ARGUMENT Y.
SEQUENCES
Y = TABa(XoXToYToML9M29Ky9NySW)
TRAN Y = TAB(XoXT YT oML yM2yKyNySW)
P CALL TAB
PAR X
PAR xT
PAR \Al
PAR M1
PAR M2
PAR K
PAR N
PAR SW
NORMAL RETURN = Y IN THE ACCUMULATOR
S
INDEPENDENT FLOATING POINT ARGUMENT X FOR WHICH THE CORRESPOND-

ING VALUE Y IS DESIRED.

NAME OF THE FIRST ENTRY IN THE TABLE OF FLOATING POINT INDEPEN-

DENT VARIABLES, X{(I).

NAME OF THE FIRST ENTRY IN THE TABLE OF FLOATING POQINT DEPEN-

DENT VARIABLES, Y(I).

INTEGRAL NUMBER OF STORAGE LOCATION STEPS BETWEEN EACH ENTRY

OF THE INDEPENDENT VARIABLE TABLE. NORMALLY M1 = 1 WHEN THE

VARIABLES ARE STORED IN SEQUENTIAL LOCATIONS.

INTEGRAL NUMBER OF LOCATIONS BETWEEN EACH ENTRY OF THE DEPEN-

DENT VARIABLE TABLE. NORMALLY M2 = 1,

INTEGRAL ORDER OF INTERPOLATION DESIREDy K o.LE. 5.

INTEGRAL NUMBER OF ENTRIES IN THE INDEPENDENT VARIABLE TABLE

{NUMBER OF PAIRS (X{I),Y(I))).

FLOATING POINT COMPUTATION SWITCH

SW = 1.0 NORMAL RETURN, INTERPOLATION SUCCESSFUL.

SW = 2,0 AC OR MQ OVERFLOW OR UNDERFLOW OR DIVIDE CHECK - -
ERROR RETURN,.

FLOATING POINT DEPENDENT VARIABLEy THE INTERPOLATED VALUE FOR

THE INDEPENDENT VARIABLE X.

NFORMATION

RAGE REQUIRED
TAB 307
ERASABLE 22
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TABLE B-1 (Continued)

SETPLY 1720762
UsTPLTY

SET UP FOR PLOT SUBROUTINE
(IT MAKES PLOT PAINLESS)

PURPOSE ~~ THIS SUBROUTINE IS DESIGNED TO BE USED WITH THE PLOT SUBROUTINE
(WHICH IS ON LIBRARY TAPE). THE PLOT SUBROUTINE PRODUCES GRAPHS OF THE
QUANTITIES GIVEN IT BY THE USER. (FOR A DETAILED EXPLANATION,SEE THE PLOT
WRITEUP) IT IS A POWERFUL AND VERSATILE TOOL, BUT IS, AS A RESULT, RATHER
COMPLICATED AND CLUMSY TO USE. IT REQUIRES THAT THE USER MAKE 4 ENTRIES 7O
THE SUBROUTINE WITH A TOTAL OF 16 ARGUMENTS, AND IN ORDER TO DETERMINE THE
VALUES FOR THESE ARGUMENTS ({SUCH AS THE NUMBER OF HORIZONTAL LINES, NUMBER
OF SPACES BETWEEN HORIZONTAL LINESy ETC.) THE USER MUST DO CONSIDERABLE
PRECALCULATIONe. THE USER MUST ALSO KNOW THE RANGE OF ANSWERS IN ADVANCE SO
HE CAN SET THE MAXIMUM AND MINIMUM VALUES FOR THE ABSCISSA AND FOR THE
ORDINATE. THIS IS ALL WORK THAT CAN BE DONE BY THE COMPUTER, AND SETPLT
IS A SUBROUTINE THAT DOES IT.

FEATURES ~- SETPLT INSPECTS THE DATA TO BE PLOTTEDsy CALCULATES THE ARGUMENTS,

AND THEN EXECUTES PLOT SUCH THAT - -

le ALL POINTS TO BE PLOTTED LIE IN THE RANGE OF THE GRAPH.

2« GRIDWORK IS SQUARE.

3. NUMERIC LABELS ON ABSCISSA AND ORDINATE GRID LINES ARE **NICE*®' VALUES.

4. GRAPH IS APPROXIMATELY SQUARE.

5. 1F THE POINTS TO BE PLOTTED HAVE ABSCISSA AND/OR ORDINATE VALUES WHOSE
MAGNITUDE IS GREATER THAN 10.P.7, THE NUMERIC LABELS TO THE GRID LINES
ARE MOOIFIED BY A SCALE FACTOR, AND A HEADING IS PRINTED OUT INFORMING
THE USER OF THE SIZE OF THE SCALE FACTOR.

6. IF THE SIZE OF THE GRAPH 1S INDETERMINATE IN EITHER THE Y(VERTICAL)
AND/OR THE X(HORIZONTAL) DIRECTION (IE. A HORIZONTAL OR VERTICAL LINE,
OR A POINT), AN APPROPRIATE COMMENT IS PRINTED OUT AND THE MAXIMUM AND
MINIMUM VALUES OF THE APPROPRIATE AXES ARE ADJUSTED SO THAT THE VALUES
MAY BE GRAPHED.

RESTRICTIONS-- ALL POINTS (X,Y) WHICH ARE TO BE PLOTTED MUST BE OBTAINED AND
STORED IN TABLES BERORE EXECUTING SETPLT.

CALLING SEQUENCES -- THERE ARE TWO CALLING SEQUENCES AVAILABLE, A REGULAR AND
AN ALTERNATE ONE.

REGULAR CALLING SEQUENCE -- USER EXECUTES ONLY SETPLY (OR USTPLT). USER
DOES NOT EXECUTE PLOT,

MAD- EXECUDE SETPLT.(LyXLOC,YLOCyNUMyBCDyNCHARyLABEL)
FORTRAN= CALL SETPLT{L,XLOC»YLOCyNUMyBCOyNCHARyNHABCD4 o)
UMAP- CALL USTPLT

PAR L

[ ] [ ]

PAR LABEL
OR ANY EQUIVALENT UMAP SUBROUTINE CALL
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TABLE B-1 (Continued)

ALTERNATE CALLING SEQUENCE —— THIS IS FOR USERS WHO WANT TO USE **OMIT** TO
CHANGE THE GRAPH BERORE IT IS PRINTED, WHO WANT TO PRINT MORE THAN ONE COPY
OF THE GRAPH, WHO WANT TO USE OIFFERENT PLOTTING CHARACTERS FOR DIFFERENT
PARTS OF THE DATA, ORy IN GENERALs WHO WANT TO TAKE ADVANTAGE OF SOME OF
THE SPECIAL FEATURES OF PLOT ( FOR DETAILS ON THESE SPECIAL FEATURES, SEE
THE PLOT WRITEUP) WHEN USING THIS ALTERNATE CALLING SEQUENCEs USER
EXECUTES SEVPLT, AND THEN MUST EXECUTE PLOT3 AND PLOT4 (OR FPLOT4) HIMSELF.

MAD~- EXECUTE SETPLT.(L,XLOC,YLOCNUM)

FORTRAM= CALL SETPLTIL¢XLOC,YLOCNUM)

UMAP- {FOR THIS ALTERNATE CALLING SEQUENCE EITHER THE NAME SETPLT
OR USTPLT MAY BE USED)
CALL USTPLT Ly XLOC,YLOC ¢ NUM
OR EQUIVALENT SUBROUTINE CALL

ARGUMENTS -
L =NONZERD IF MAX GRAPH LENGTH IS TO BE ONE PAGE
=ZERO OTHERWISE. (IN THIS CASE » LENGTH .LE. 2 PAGES)

XLOC =LOCATION OF RIRST VALUE OF X OR POINTS (X,Y) TO BE PLOTTED
(IN TABLE OF X VALUES)

YLOC =LOCATION OF FIRST VALUE OF Y OF POINTS (X.Y) TO BE PLOTTED
({IN TABLE OF Y VALUES)
{THESE TWO TABLES MUST BE STORED BACKWARDS IN STORAGE, AS MAD AND
FORTRAN DO. THE VALUES OF X AND Y STORED IN THESE MUST BE FLOATING'
POINT VALUES)

NUM =NUMBER OF POINTS TO BE PLOTTED (EITHER MAD,UMAP,OR FORTRAN INTEGER)

BCD  =LEFT-ADJUSTED BCD(HOLLERITH) PLOTTING CHARACTER.

NCHAR =NUMBER OF BCD CHARACTERS (INCLUDING BLANKS) [N THE LABEL ARRAY,

LABEL =NAME OF ARRAY: CONTAINING THE STRING OF BCD CHARACTERS TO BE PRINTED
AT LEFT EDGE OF OUTPUT PAGE (LABEL FOR ORDINATE). MUST BE STORED
BACKWARD WHEN USING MAD (USING VECTOR VALUES STATEMENT), OR
FORWARD WHEN USING UMAP (USING BCO OR BCI BLOCK).

‘ MUST BE STOREBD 6 CHARACTERS TO THE WORD (C6).

NHABCD... FOR FORTRAN USERSy THE STRING OF CHARACTERS FOR THE ORDINATE
LABEL APPEARS DIRECTLY IN THE CALLING SEQUENCE. THE N PRECEEDING THE
H {SPECIFYING THE HOLLERITH STRING) SHOULD BE THE SAME AS THE VALUE
OF NCHAR,

EXAMPLES-- SEE NEXT PAGE

CODING INFORMAT LON==

STORAGE USED SUBROUTINES USED
SETPLY 701 «PRINT
ERASABLE 1750nIF L=NONZERO PLOTL

40644IF L=ZERO PLOT2
{(FIRST 25 LOCATIONS PLOT3
OF EBRASABLE ARE PLOT4
NOT USED) FPLOT4
ELOG

STORAGE REQUIRED «01301

SETPLT 701

ERASABLE 4064
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TABLE B-1 (Continued)

SANPLE PROBLEM

THIS PROBLEM IS THE FIRST EXAMPLE PROBLEM AT THE END OF THE PLOT WRITEUP,
REWRITTEN TO USE SETPLT. 1IT IS SUGGESTED THAT THE READER COMPARE THEM.
BOTH MAD AND FORTRAN VERSIONS ARE GIVEN.

$COMPILE MAD, PUNCH OBJECT PLMADOOO
R
R PROGRAM TO ILLUSTRATE PLOTTING MULTIPLE POINTS WITH MAD
R
DIMENSION X(100), Y(100)
INTEGER N
FIRST READ FORMAT ENTR, N

READ FORMAT DATA, Xl{l)eeeXIN)

READ FORMAT DATA, Y(l)eeoYIN)

PRINT FORMAT TITLE

EXECUTE SETPLT.{1loX(1)sY(L1)sNy$2$,32,0RD)

PRINT FORMAT ABS

TRANSFER TO FIRST
R
R FORMAT STATEMENTS
R

VECTOR VALUES ENTR = $110+$

VECTOR VALUES DATA =$7F10.4+$

VECTOR VALUES TITLE =$1H1,S54,15HPLOT OF X VS ¥ /1H o3
VECTOR VALUES ABS = $1H09»S55+164HTHE ABSCISSA X s$
VECTOR VALUES ORD =$ THE ORDINATE Y §
END OF PROGRAM

SDATA
SCOMPILE FORTRAN, PRINT OBJECT, PUNCH DBJECT PLFTRO00
c
c PROGRAM TO ILLUSTRATE PLOTTING MULTIPLE POINTS WITH FORTRAN
c
DIMENSION X(100),Y(i100)
1 READ INPUT TAPE 7,100, N
READ INPUT TAPE T79101,(X{I)y I=1yN)
READ INPUT TAPE 7,101s(Y{I}y I=14N)
WRITE OUTPUT TAPE 64102
CALL SETPLT(1¢4X{1)oVY{1)gNslHey32,432H THE ORDINATE
XvY)
WRITE OUTPUT TAPE 6,103
GO T0 1
c
c FORMAT STATEMENTS
c

100 FORMAT (I10)

101 FORMAT (7F10.9)

102 FORMAT (1H1454(1H J,15HPLOT OF X VS Y /1H )
103 FORMAT (1HO¢55(LH )¢ 14HTHE ABSCISSA X )

DATA
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MOD NR 16

= e *21=6 » L of 6
ded [t
TABLE B-1 (Conclu ) 10-2 4 ‘
4
ZERO =~ SPRAY SEPTEMBER 1964

STORE CONSTANT

AURPOSE ZERO STORES ZERO
SPRAY STORES ARBITRARY CONSTANT.

CALLING SEQUENCES

MAD EXECUTE ZEROe(L1lgl.29eceesrlN)
UMAP CALL 2ERO
Ll
L2
[ ]
LN
ARGUMENTS

THE I ARE STANDARD ARGUMENT LIST ELEMENTS OF THE FORM
MAD AocseD OR A
UMAP BLK A»sD OR PAR A
SPRAY 1S CALLED EXACTLY AS ZERO EXCEPT THAT THE FIRST ARGUMENT
IS A SINGLE CONSTANT (IN MAD) OR THE LOCATION OF A SINGLE CONSTANT
(IN UMAP) WHICH IS TO BE STORED INSTEAD OF ZERO.

PROGRAMMING INFORMATION
LOCATIONS REQUIRED
ZERO = SPRAY 34
ERASABLE 0
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TABLE B-3 (Continued)

244759y 11eTly Ter1y 4487y 3054y 2.49y 1.868y 1.632, 1.459
14353y 1.27y 1214y 14173y 14109, 1.062y 1.827y Co6574
VEML(1)= 24,86, T.26y 3.5y 1e465y, 14442y lo4lby 1.389, 1.3066,
1353, 1.338, 1.325, 1.313, 1.303y 1.283, 1.2606y 1«25, 1.23¢,
258y 929 4459y 2.5, 14482y 14431y 1.399, 1l.364, 1.345, 1.326,
131, 1.292, 1.279, 14255, 1.234y 14217y 1.202,
2661y 9.759 5469 3.54y 2.42y 14533, 14456y 1.4Cly 14363, 14333, 1.307,
1.286y 1.266y 1.235, 1.213y 14191y 1.173,
2729y 12411y 6445, 4432y 34,09y 2421y 14615y 1.497, 1.424, 1.373,
143333, 1.3, 1.273,y 1.23y 1.197y l.17y l.147,
27.884 12.81y 7.71y 5.y 3.67y 2463y 14946y 14704y 1.55, 1.453, 1.388,
1.34, 1.301y 1.241, 1.198y 1l.162y l.134,
28438y 13433, 8429y 5.78y 4.28y 3069 24445y 2.033y 14767y 14594,
1494y 14415, 1.356, 1.268, 1.208, 1l.161, 1.125,
2848y 13.75y 8473y 6424y 4475y 346y 2.861y 2.3€6y 2.039, 1.811,
1.652y 1.531y 1l.441, 1.317y 1234, 1.172y 1.127
COM1(1)= 042y o335 o4y o549 b2 o7y o8y o9
vil)= 36¢9) 384939174009 41e1942.41943e294401945.4194€01,
32¢4934411364938.194009424394448946.4948.29504,

291310933099 37¢940.89444294849510954019574y
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TABLE B-3 (Continued)

26012902134493843,434294748,50e8,55.2,5%4,62.3,
2402929093441,4002,4642952095T0962496643,7348,
2349306939¢894868957629644857209794698549492.,
234134094841960.6,714396800987.8,95.1,152.1,1C843,
260142429630977489894,98.4,1084,11644124.1,130.3
52¢1780995¢9100e6911609124491324414Ce 914844152, ,
904y 1024y 1134y 1234, 1324, 1424y 151.y 1594, 163., 171.,
1154y 1264y 1394y 149+, 1564, 163., 1724, 180., 186., 192.,
135+ 14Ty 1584y 16B.y 178.y 1B6aey 1954, 202+ 2134y 2154,
1604y 170¢y 181ey 1924y 2024y 21249 22245 23Ley 2404, 2484,
1864y 2004y 2104s 2194y 2284y 2384y 247es 2564y 26545 2734
22244 2334y 2464y 256.y 26549 2T3.y 2824y 29Ces 3GCay 3054
2654y 27849 290, 300+, 310, 32C., 330., 340., 35C., 360.
wa11)= 2247442841, 33.38
VPL(1)= 140C., 1340., 1050.
MF= 3 » TG= 16
VI(L)= 3ay 2.5y 2ey 1o7y 1aSy L1e3y 1a2y Llaly 1o ,
<95y .90, «85, <75, o7y 65
MT(1)=154s 184y 2ley 244y 2Ty 304y 33., 35.

KS{l)= 1.3, 1.20551414y 1.08y 1o04, 1.C08y ledD4, l.
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TABLE B-3 (Continued)

PRO(L)= 1lay 24y 3er 4ey Bay 60y Toy Hey ey 1l
NP=10
TN2= 226.9, TC02= 277.9y TCH4 = 343.3, TC2HH6 = 545.8, TC3H8 = éto.
TIC4HO = T34.7, TNC4H = T765.3, TICS5H2 = 829.8, TNCS5H2= 845.6
TNC6H4 = 914.1
PN2= 492, , PCO2= 730. 5 PCH4 = 673.1, PC2H6 = 708.3, PC3HB = 617.4
_PIC4H0 = 529.1y PNC4HO = 550.7, PIC5H2 = 483. , PNC5H5H2= 45G.5
PNC6H4 = 439.7
MN2= 28.02, MCO2= 32. , MCH4 = 16.04, MC2H6 = 3C.07, MC3H8 = 44.09

MIC4HO

"

584129 MNC4HO = 58.12, MICSHZ2 = 72.15, MNCSH2= 72.15

MNC6H4 84.16

SR1= 65.E34SR2=1.E5, SR3= 0., SR4= 0., SR5= (e, SR6= (.

Y(1)= 2284y 25449 265.y 3844y 46T., 535.

Y (1)= 2544y 3844y Dy Gay Day Q.

FF= 4936, FFE= 1., F= o729 E= 1a0 EFF= G.8

X= 16549y N=12(Cey H= 3CCO.y ALPHA= .15, CF= (.2, CLNML= 850,

CLMS=19.,y LG= 0.00C5, B= C.15, FHPHR= 8.7E~3, FLUP=1l.
PRPRHO= 0.51, IBUTRH= 0.563, NBUTRH= 0.583, BUTI= C.y DBLT= 1.4
BUTF= 0., EE= 250.E-6

GASCST= 0.20 4 X1=2.7E5 , AD= 1.
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TABRLE B-3 (Continued)

LT= 1CCO.

NCSI= 64 DNGS= 1y NGSF= 25

CRI= l.4 4 CCR= .1

TF= 520., COMPSW=1

PROPI= 0. 4 DPRCP=2tL44y PRUPF= C.

QBI1=3.CE8, DQB=0.5E8, QBFl= 6.E8

CBI= 1.5E8, Q@Bl2= 4.0E8,Q813= 5.CES8

NOSI= 7 , .NOSl2= 6y, NOS13= ¢

QBFl2= 1.6E9, QBF13= 1.7 E9

PMIN= 600. » MMWT= 30.

0Dll= 16., QD12= 24., CD13= 3C.

CRMAX= 1.65, NN= 59
CRI= 1.2
SR1= 65.E3,

SR2= 1.E5 y Y(2)= 384,

TNCTH6=972.36 , PNCTH6= 397.71 , MNC 7TH6=
MMWT= 30.
NOSF= 35

NCS12= 10, NOS13= 14

FF= .936 » FFF= 3
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APPENDIX C

EXAMPLE HAND CALCULATION






ILLUSTRATIVE EXAMPLE PROBLEM BY HAND CALCULATION

Problem

Compute the minimum cost of the pipeline system and cost of transporting
600 million cu ft per day of a mixture of 80% natural gas and 20% propane
(molal basis) over a distance of 1000 miles at 60°F through 24-in. OD pipe
having a strength of 100,000 psi. Select the minimum pressure as 100 psi
above the dew point at 60°F. This is the first of a series of calculations to
be done on the computer at increasing flow rates to find the minimum cost of
some optimum flow rate. The number of compressor stations is a wvariable in
this calculation and will include one more and one less station than the op-
timum.

Solution

MINIMUM PRESSURE

The minimum pressure for 80% natural gas and 20% propane in the range
LO° to 100°F is 1460 psia and therefore the minimum pressure in the pipeline
is set at 1560 psia. This information is given in the program as data.
HORSEPOWER AND MAXIMUM LINE PRESSURE

By use of the flow equation (Eq. 12) the pressure drop in the line is
computed to obtain the maximum pressure in the line. From the inlet and out-
let presgsures the horsepower will be computed. The steps solving the flow equa-
tion are given.

1. Calculation of Gas Gravity Factor (FGR)

The molecular weight of the gas from Table 1 is 17.k.

Molecular Weight = 0.8 x 17.4 + 0.2 x Lh.09 = 22.73 (22.728%) (c-1)

*The values in parentheses are those on the computer print-out for this ex-
ample.
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Gas gravity, G = 22.75 . 0.78% (0.7837) (Cc-2)

FGR = —— = 0.87

(@]
-3
x
=
“—F’
P anS
Q
]
W
—r

Temperature flowing factor (FTF)

FTF = 21:;- = l (C-)-l-)
520

2. Trial and Error Calculations for Compression Ratio
From computer results we know that optimum value for number of stations

is 22, So we shall make computations for 21 stations. NOS = 21 (including
the one at the entrance).

Let assumed compression ratio be = 1.16 (c-5)
Meximum pressure in pipeline P; = 1.16 x 1560 = 1810 psia (C-6)
3. Length Between Compressor Stations

L = 2000 _ 7.6 (47.62) miles (c=7)

L, Thickness and ID of the Pipe

THK = —edX0D 1810x2k = 0.301 in. (C-8)
SxFxExS | 2%0.72x1x100,000
D(ID) = 24-2 x 0.301 = 23.398 in. (C-9)
FD = Line diameter factor = D°'2 = 23.398%°7 = 2620 in.°*2 (C-10)
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5. Average Pressure

PAVG

C;l + P2

] 1
wind

]

2
Z(2532
(253 )

P

(;810 + 1560 -

_ PLP2
1+P2

1810x1560>
1810+1560

1690 psia

6. Calculation of Compressibility Factor (Z) and FPV

(C11)

This is calculated by Sarem's method using Lagrange polynomials which fit
A subroutine ZFAC has been prepared

best the compressibility factor chart.
which calculates Z based on TR and PR, the reduced temperature and pressure,

respectively.

Pseudo Critical Properties

TC

PC

PR

i

0.8 x 364.7 + 0.2 x 666

= Lok°R (L422)

0.8 x 673.6 + 0.2 x 617.4 = 662.4 psia (662.3)

20 _
oL = 1.23 (1.232)
1810

oG - =
0.58

FPV = /E = _/_j;_ = 1.315
z 0.58

7. Calculation of Viscosity (Bicher and Katz Method)

TR

PR

1l

1.23

2.73
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Egs. (C=1L), (C-15) above

(c-12)

(C-13)

(C=1k)

(C-15)

(C=16)

(C-16a)



Molecular weight (MWT) = 22.73

Fig. 11,
KI = 1.1
and
_VISKM_ 518 or vISKM = 51.8 x 1.1 x \/22.73
KIx \/MWT
= 272 micropoises
MU = VISKM = 272 x 6.72 x 10'8

1.825 x 1077 1b/ft sec

8. Calculation of Transmission Factor (FT)

FT =\/ﬁ

where FM = Moody friction factor

RE = 0¥ - 1, 3506 x 1070 SEG
v DxMU

from Egs. (C-2), (C-9), and (C-18)

1.3526 x 600 x 100 x _0.78%

23,4x1.,825
= 1.49 x 107
2 - blog X 42.28 -4 log (1L + 9.3 —2155=>
/T EE RE /FM
Let 2. = 2145
VM
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(Cc-18)

(C-19)

(c-20)

(C-21)



Is

23.kx21.45
21.45 = b log -—E-?-ﬁ—6 +2.28 = & log (1 + 9.3k 250107
250x10" 1.49x107x2
= 4 x 4.97h + 2.28 - 4 1og (1 + 6.3 x 1071)
= 22,17 - 0.82 = 21.35
Co 2 = 21o (c-22)

/M

9. Drag Factor (FF)

It was agreed to use a bend index of 200°/mile, plastic lined pipe
(Fig. 13)

FF = 0.936 (C-23)

10, Checking for Assumed Compression Ratio

Let

K6 T7.5 x FGR x FTF x FPV x FT x FF x FFE x FD

i

From Egs. (C-3), (Cc-k), (C-10), (C-16a), (C-22), (C-23)

K6 T77.5 x 0.874 x 1 x 1.34 x 21.4 x 0.936 x 1 x 2620

6
2
(K6)2

=\‘/:156o2 + (600 x 106)2 x

K6 L.76 x 10

L7.6
(4.76 109)2

= 1790 (1790) psia
R = Sf o IO _ g7

P2 1560
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Second Trial for Compression Ratio

Therefore let us assume CR as 1,147. Repeating steps 2-10 we have

i

Pl 1.147 x 1560 = 1790 psia

P1x0OD 1790x24
THK = = : = 0.298 in. (0.298)
OxXFXExXS 2x0.T72x1x100,000

D = 24 - 2x0.298 = 23,40 in. (23.403)

FD 23.40%2*0 = 26,25 in.=*D

i

Average pressure PAVG =

(1790 + 1560 - i129§£2§9)

2
3 179041560

It

1677 psia (1678)

TR = 1.23 (1.2%2)
_ 1671 _
PR = z== = 2.53 (2.533)
Z = 0.565
FPV = |—— = 1.33
0.565
VIS _ 39,5 or VISKM = 39.3 x 1.1 x /22.73
KI \/MWT
= 206 micropoises
MU = 206 x 6.72 x 1070 = 1.39 x 1077 1b/ft sec
RE = 22¥ _ 1.3506 x 1070 %BxC
v DxMU

0.784
2% lix1.39x10™°

1.%5526 x 10~ x 600 x 100 x

1.96 x 107
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2 log D 42,28 -k 1og (1+9.34 —QLEE—

/;E RE /F

2
Let == = 21.&5
/FM
23.4x21.45
-6
L = hlog—ﬁi—u——é+2.28- 4 log (1+9.5l+—2-52@9——>
/M 250x10~ 1.96x10Tx2,
0.48
= L4 x 4,97 +2.28 - L4 x 0.17
= 21.49
Verification from Moody Friction Factor Chart
-6
gE/p = 2220~ . 10.7x10° = 0.0000107
23.4
FM = 0.0086
é = 2 = 21.6
VM 9.22x107

Kg T7.5 x FGR x FIF x FPV x FT x FF x FFE x FD

= T7.5 x 0.87F x 1 x 1.33 x 21.46 x 0.936 x 1 x 2625

= L.77 x 106
2
Py = [pe2,2EL
kg

/15602 + (600 x 109)2 x ——”—7—6—2—

(4. 77x10°)
= 1790 psia
_ PL _ 1790 _ ,
CR = o5 = ———1560 1.147 which checks

115



Calculation of Horsepower of Compressor

Using Equation (22) to obtain the horsepower per station

K-1
0.0854 x K x TF x Z¥(CR_K - 1) 1L4.73
(K-1) x EFF 14,65

A =

*Z is based on inlet conditions.

_ 1560 _
R = gour = &P

TR = 1.2%2

7z = 0.575 (0.591)

Molecular weight = 22.73
Using chart in NGSMA, p. 27 (1957) to find K

C

Cyv

= 1,22 (1.22)

~
1

1l,22-1

1.22 i) o Lb.T3
0.22 x 0.8 14,65

0.0854 x 1,22 x 520 x 0.575 x (1.147

Horsepower A

4.48 (4.588) np/MMct/day

Cost of Pipeline and Compression Stations

From Eqn. (A-3) the cost of the pipeline in dollars per mile (YW) is
computed

=

28,2 x (D + THK) x THK x Y

28,2 x (23,4 + 0.298) x 0.298 x 384

7.65 x 104 (7.656 x 10“) $/mile

1

The Initial Investment in Pipeline (IINVL)

107
IINVL. = (YW + N x OD + H) x &
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107

(7.65 x 10% + 1200 x 2L + 3000) x -
600x10

It

1805 (1827*) cents/100 miles/Mcf/day

Note: *This value takes into account the adjustment in quantity of gas flow-
ing through the pipeline due to fuel consumption at each station. This is
the reason for the discrepancy in the two values. This also occurs in the
costs stated below.

Initial Investment for Stations (IINVS)

The initial investment for stations in given by Eq. (26)

IINVS

it

6
(x + X107} o A 4 wos x 10
AxQB T

10(x) (A)(NOS) (x1)(107) (woS)
LT (QB)(LT)

(10)(165)(k.48)(21) , 270,000 x 107 x 21

1000 600 x 10° x 1000

= 155.2 + 94,k = 249.6 (254.3) cents/100 miles/Mcf/day

Operating Cost (CMMOP)

The operating cost is given by Eq. (28)

A x NOS x FOOP
365 x LT

6
CIML x 10 >x 1o . _AD

CMMOP ((365 x 24 x FHPHR x CF + CLMS) x

N 107
+ 1G x GASCST x +
LT QB x 365

1502

A\

= ((365 x 24 x 8.7 x 1072 x 0.20 + 15)

3650

L48 x 21 x 1
365 % 1000

3 6
+0.005 x 0.20 x &~ , 850 x 10 :> x 10 + —=

1000 o0 x 10° x 365 3650
= (35.2 x 2.58 x :Lo“‘LL + 0.001 + 3.88 x 10“5) X 10 + —=
’ 3650
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(0.00882 + 0.001 + 0.00388) x 10 +

5650

0.1395 (0.139965) cents/100 miles/Mcf.

Amortization Cost

The amortization cost is based on paying 15% of investment per year,
Eq. (27).

CMMAM

B x 10
YW + N x OD + H) x ———2
(((YW + N x OD + H) x 5 é)

+ ALPHA x (X + %1 x 10°\/A x Nos»(FOOP) X 10
A x QB J\ LT //(365)

% 4 1200 x 2b + 3000) (Q:15) X 10

= ((7065 x 10 Z
600 x 10

+ 0.15 (165 + 270,000 x 106 u8 X 2{}) 1x10
.48 x 600 x 106/\ 1000 565

= (27.1 + 3.75) x =22
365

= 0.845 (0.8555*%) cents/100 miles/Mcf

*See note at the end of the Initial Investment on Pipeline.

Fuel Consumption at the Compressor Stations (LSG)

This is needed to obtain the pipe line delivery.

LSG (24 x FHPHR x A x QB x 107°) x NOS + LG x QB

2k x 8,7 x 1072 x 4.48 x 600 x 1o+6 x 1072 x 21 + 0,005 x 600 x 106

It

(11.75 + 3) x 10° = 14.75 x 106 £t3/day

*¥As indicated earlier, this should be AD/56.5. For this example the cost of

transporting gas, CY, would be raised about 3% by the correction.
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Quantity of gas, at the exit
6

(600 - 14,75) x 10

585.25 x 100 (585.33 x100) rt3/day

CY = CMMAM + CMMOP = 0.845 + 0.1395 = 0.9845 (0.9955) cents/100 miles/Mcf
IINV = IINVL + IINVS = 1805 + 250 = 2075 cents/100 miles/Mcf

In reviewing the method of finding amortization and operating cost, the
full 600 million cu ft of gas are used even though only 585.25 million are
sold. The computer program finds costs by using the actual flow in each seg-
ment, and therefore is based on an average pipeline delivery somewhere be=
tween 600 and 585 million cu ft.

Total Investment (TINV) IINV x QB x 10™( x LT

I

2075 x 600 x 10° x 10~7 x 1000

1.245 x 108 (1.250 x109) dollars/day

1

Total Operating Cost (TOPCST) CY x @B x 1077 x LT

Ik

0.9845 x 600 x 10*0 x 10~7 x 1000

59,070 (59,730) dollars/day
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APPENDIX D

PHASE DIAGRAMS DETERMINED BY KURATA FOR MIXTURES NOT STUDIED IN THIS REPORT

These diagrams, reproduced from the Ph,D. thesis of Fred Kurata at
The University of Michigan in 1941, under the direction of Profes-
sor Donald L. Katz, represent the experimentally determined phase
diagrams. The compositions of the mixtures are listed on the dia-
grams .
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APPENDIX E

CHARTS GIVING RESULTS OF ECONOMIC CALCULATIONS






006|

998y MOTJ snsJsA uoTqejtodsuet] JO 350D

oov| 00€| 002l 00| 0001

006

Kop /JONIN — @0y MO|4 SDY

008

00L

009

*T-dGT °IndT4g

(0.0) 7

00l

Ao

-

‘SUOIDIS JO JBqUINN ‘OlDY UOIssaIdwo) :SIajoWDIDg

oisd Q011 :auljadid 9y} ul ainssald wnwiul
isd 000°00! :128iS jo yibuang
sD9 |DJNGON :uoljisodwio)

S0

gl

02

G

oe

s'e

ot

SPb

(0)°]

S'G

JON /S3|IW Q0] / SHU9D —§S0) UOI40IodSuDL |

155



006GI

598y MOTJ snsJaA uotqejrodsueg], JO 350D

006

Aop / JONIN — 310y MO|4 SDY

008

002

009

*2=HCT °M3ITH

(0.0}

001

oob| 00¢g| 002| 0011 000|
TT T
| i
| I

Xl

e P

J T3

=

A

vd

=

.

SUOIYD}S JO 19quINN ‘OlDY UOISSEIdWIO) :S13jaUIDIDd
pisd 09g| :auljadid 8y} uy ainssaid WNWIUIW

1sd 00C‘00! :[894S j0 yibuayg

S0 |oAn§DYN :uotjisodwo)

Gg'o

Sl

0?2

Ge

oe

g'e

ov

Sy

oS

S'S

JOW /S8l1W OO0 / SIuao —}s07) uolDjI0dsuDs |

136



918y MOTJg sSnsasA uorqejrodsuel], JO 2S0D

Kop / JONIN — 9Dy MO|4 sD9

*¢-HCT 8MIBTL

00Si oovl 00¢| 002| 00l1 000! 006 008 004 009 00S [0.,0)4 00¢ 002 00l 0 &0
4 1 faY:3 i o 5 -. %W. .)..
[e u 5 . = 4 _l | O._
£90° o SLs
. Gl
g
/1 I L
g b // . ]
(o)r4
\
A ge
A
I 1 \.
10¢
G'e
_ T
ov
_ §
|
1
Sy
g SUOYDIS JO JaquinN ‘OijDy UOISSaIdWo]) :SJa4awWDIDd |
. pisd 0Ol Z :ouljadid 8y} Ul aanssald WNWIUHN o5
1sd 000°00! 189S JO UibuBLS
a sp9 {DINJON :uoljisodwon | {mEEEN
H—_‘__M>______,WVA»..__“__>44:__—_,_u____.__>_____>___.,._ m.m

L+LI0' P 186

JOIN /S8|1W Q0| / SIU8D —}SO0) UOHDJ0dSUDI )

157



0061

998y MOTJ snsasA uoigsjiodsusi], JO 480D

KDp / JONW — 31Dy MO|4 SDY

*f=dCT °InITA

oov| 00¢g! 002lI 0011 0001 006 008 004 009 ‘00S 0ot 00¢ 002 ol0]] (0] .
&k 2 o'l
& = i
&p o !
|
N Sl
Hu“ -
ik 0z
L
X
*hr
1
\
\
og
|
1
1
g'e
FH
of log4
St
m SUOHDIS JO Jaquiny ‘olDY UOISSaIdWIO) :SI8joWDIDG
= pisd Q0. :auijadid 8y} ul aunssald wnwiuiy 0%
- 1sd 000001 :1994S 40 uwibualg
- aundold %0} ‘SD9 [DINJON %06 :uoljisodwo)
.\n.__,__....__.,,_._.n_._ .......... TR 00 RO T VR S S ST TG S T T S T T S 1 u.m

19N /S8|Iw OO / SHUdd —Js0) uoljpjiodsupa)

138



298y MOTJ SnsIsA uoTgeagodsusil JO 3500 *G-HGT 2IMITd

Aop /JONI — 30y Mo|4 sDY

006GI oovl 00gl 002! ool 0001 006 008 004 009 00S [0.0)7% 00¢ 002 00l .
1
epHl e
oy ¥ o'l
(EEEREEER7ISEEE 3 :
s gl
A4EE
}
L
i 02
ge
i
\l
! o¢
A
g'e
ov
. G'b
SUOIYDIS JO JaquinN ‘olpy '10Issaidwo) :sJajdwDpIng
pisd QO| | ‘auijadid By} L. 9INSSBlY WNWIUIN 0%
1s5 gr'00| ‘19eiS Jo yibuals
aupdold %0 ¢ sb9 IDINDN %06 1uojjisodwo)

S'S

JOW /S8|1W 00| / SHUdd —S0) UOlDj40dsUDS |

139



918 MOTJ snsJoA uorgelIodsuBi], JO 13S0

KDp / JONIN — 91Dy MO|4 SDS
006 008 00,

009

*9-HGT 2an3Td

oot 00g

j0]0]]

00si 00! 0ogi (0,74 0011
T

To
8

2B ‘,w“
gzt eH #6061 3

i

B

Q.

iy

Q

-+

pirg

SUOIDIS JO J19QWINN ‘Ol4DY UOISSAUIdWOD :S19)WDIDY

pisd 096| :auljadid By} Ul 8Inssald wWnwiuIN

1sd 000°00| :199iS j0 Yibualls

aundoid %02 ‘sp9 "IDN %08 :uoljisodwo)

S0

Gl

oz

52

oe

g'e

ot

St

0¢s

S'G

JON /S3|IW OO}/ SIU3d —§s0) UOI4DjI0dSUDI |

140



998y MOTJ SnsJIoA uotaejiodsuet] JO 4S0) °L-HGT 9INITJI

Kop / JONI — 210y Mo|4 sDY
00sI 00) 4 00el 002 0011 0001 006 008 002 009 00S 0,04 00¢ 002 00l
T T

1 1

|
] e

g1os

1) ==

I

141

-

JOW /S9|1W QO] / S1udd —}S0) UO1}DjI10dSUDI |

SUOIDIS JO Joquiny ‘olDY uolssaidwo) :Siajening

pisd 009] :auljedld ayj Ul 8Inssald WnNWIuN

|3

-

1sd 000‘00I :I1994S 4O Yibuass

auning 9% G ‘sundoid % G *S0O’'IDN %06 :uoljisodwo)




998y MOTJ snsaaA uoT3ejdIodsuBi] JO 150D

Aop /JONIN — 810y Mo|4 SDY

*Q=HGT 9JINJTA

*¢}

Gl

(0)r

G'e

oe

G'e

ov

St

0g

NmOOm_ (o]0} 4] 00¢g| oozl 0011 0001 006 008 002 009 [0}0)74 00g 002 [o]0]] 0
I
sen 1 H|
009 23
3 E
<3 , = i
L] I Qw. RN
L e5olt _ L5hen w
=5 1 H
i S
h' o] 3
A
11
1
1
SUOD)S JO JaqUINN ‘OlDY UOISSaIdWOD :SI9joWDIDG
pisd QOOZ :auljadid 8y} ul aunssaid ‘wnwiul
1sd 000‘00! :1934S Jo yibualg
aupyng 94, G ‘aundoid %,G ‘spb9 IDN % 06 : uoljisodwo)
w91 6101
§9'6

GG

JOW /S8)iW Q0| / Siudd —§so) uoljojiodsupi]

142



998y MOTJ SNSISA uoTqarlJodsuei], JO 3500 “*6-HGT 9an3Td

Kop /JONIN — 8iby MmO|4 sp9

0,0]¢] oov! 00¢g| 002l OOl 0001 006 008 002 009 00s 0.0, 00¢g 00¢ 00l o
| I
e i A
2t i :
] 6} IO
2e == - 1] . Qﬂ
2 = BEn e NNl AT AN
1 - E; || d I I 1
i
N
A a m m
A N 1
$ Il
5 AY
\
XM
F90H
\
1
1}
\
v
1
SUOWD}S JO JaqWINN ‘Ol4DY UOISSIWOD :SI1BWDIDG
pisd 0881 :8uljadid 8y} ul ainssaid wnwiulp
1sd 000‘00I ‘I199S jo yjbusag
aupjng %O ‘SDY IDN %06 :uolsodwo) «.J.Mr...

..w_

143

JOIN /S8|IW Q] / S}U3D —JSOD UOI}DYIOrSUDL |




oovl ~ 00gl 0ozl ool! 0001

298y MOTd snsaoA uorqeqaodsued] JO 3S0)

*OT-HGT °an3Td

Aop /J9ONIN — 8Dy Mo|4 sDY

O

4

p 4

L1 A0 I 0 I

SUOHD}S JO JaquInN ‘OiDY UOISSaIdWOy) :SiBJBWDIDY

oisd 0gg ‘e :auljadid 8y} ui ainssaid wWnwiuiw
1sd 000001 :18a1S jo yibuauys
2ubing %01 ‘SDY IDN % 06 :uoljisodwo)

S0

(ol

N

o¢

Ge

og

g'e

ot

Sy

(o)°}

S'S

1l

JON /S8)1W Q0] / S}udd —so) uolpjsodsups |



298y MOTd snsioAa uoTqeixodsued], JO 3s0) °*TI-HGT oMBTJ

Kop /JONW — 81Dy Mo|4 sD9

00¢I oovb| (o]0} 002i 0011 000| 006 ~ 008 0oL 009 00S (0,04 00¢g 002 (o]e]]
T
]
A}
- S :
SE g -
[ee ]} H 1Y = =
e ion = ] == IuuE
Y R = 1 'y <3
PO y.¢ dREms 3 N Y y

7

"o

-

SUODIS JO JaquINN ‘OHDY uolssaIdwio) :S49joWDIDg
oisd 0992 :auijadid 8y} ul ainssald WNWIUIW

1sd 000°00I :1284S jo Yibuayg
2-S Dipiny  :uopisodwo)

Gl

oe

G2

oe

s'e

ov

Sy

0's

S'S

145

JOW /S8)lW Q0| / $Hudd —}$0) uol}Djs0dsuDs |



998y MOTJ snsJsA uorgeirodsusiy, JO 350D

ADp / JOWIN — dIDY MO|4 sDY

*ZT-AGT °aM3Td

S0

0?2

G'e

og

g'e

ov

S'v

oS

006l 00P| 00¢g| 002l 001l 000 006 008 002 009 00S 0,014 00e 002 00l
g
290 5
1
1€ 5E i
8¢3 soi DE & =
4 ] T~ EEEm
T 3 ~ SoH S
it L AN
st -
N
AY
F i
Y \
i
1
| w ln
1
1
SUONDIS JO JaquinN ‘oiypy uoissaidwo) :$19jowWDIDd
oisd 0QO¢ :auljadid 8y} Ul aJnssald WNWIUIN .
1sd 000°‘00) ‘I89iS Jo Yibuays
2S Dbjoiny :uoipisodwon um
{ 4
B N S N N N U VN T T T T T U O S T N N N S S S e T T

o€l

ot

S'S

JON /S8[1W Q0| / S}uadd —Js0s uoyojs0dsupa )

146



298y MOTA SnsJsA uotrgejtodsuer], JO 4S50

ADpP / JOWW — 3Dy Mmol4 sDY

*CT-MCT 2aInSTd

g0

G}

0¢

S'e

©
L\$]

C'y

Sy

oG

0061 ool 00¢gl 002! 001} 000| 006 Oom_ 004 009 006 0,014 00g 002 oor
T TT1] T
8 dd b
Uy [ e
i ! B EEEEEEL T
\‘_ . y A%,
T = = 1 ;
LE
rm _
N
I \ 7
\l Y
\
A\
e kY
1
¥
1 iy
1| (4]
e LOHF
1
3
1]
t¥
1
SUOIDIS JO JaquInN “OljDY UOISSBIdWIOD :SI9jAWDIDG ¥
oisd 0g9z :auljediqd 9yj Ut aInssald WNWIUI
1sd Q00001 (994§ jo yibuays
pS Dioany :uoiisodwo) |
AnnunnsanSERERENNEEEN EEEENEEEREEENE RN G I & | 2
6001 ¢

60L9

G'S

JOW /S@j1W OO0} 7 SHu8D 507 uoijpjlodsuni )

147



938y MOTJ4 snsJsA uorjejgodsued] JO 345800 *HI-HCT 3Jan3Td

Kop / JONI — 8Dy Mo|4 SDY

008! 00vi 00¢g| 00z2| 001l 000l 006 008 00L 009 005 00p 00¢ 002 00I
[ == S M .
23 = :
N.F u SE o s =
' Eamm 4o -
B ) = b2
A =) - ~ m -
62 S s
Bl BE N
S N n

SUONDIS JO JBqWINN ‘ONDY uoissaidwo) :SsajewDIDg

pisd 0cO‘c :auljadid 8y} Ul AINSSAld WNWIUIN
1sd 000'00] :le8iS J0 yibuans
H-S Dipany :uoljisodwo)

o¢e

ge

oe

g'e

ot

S'v

oS

S'G

148

JOW /31w QO] / S)uad —JS0) UOI4D}iodsuDs |



006]

998y MOTJ snsasa uoTqeqxodsusi], JO 1S0D

oov| 0og| 002l 0011 0001

006

ADp / JOWIN — 3IDY MO|4 SDY
00

008

009

*CT=-HGT 9INSTA

00 (0,914

00l

S0

v

n

(O

7

Gg¢

-

et

(03

[t

g'e

SUONDIS JO JaquinN ‘OlDY uolssaiduio) :si8eWDIDg
pisd 002 :auljadid 9y} Ul Binssald WNWIUIN

1sd 000‘GO :1934S JO yibuaus

$D9. |DiNDN :uoljisodwo)

ov

Sy

06

jole]

Sl

JOW /S8lIW Q0| / SIUad —Js0) UO14D4I0dSUD |

149



00¢GI

998y MOTJ SNSJISA UOTI3e}1IOdSUBILL JO 1S0D

(0]0] 4 0o¢| 0ozgi 00 000|

006

ADpP / JONIN — 3iDY MO|{ SDY
004

008

009

*QT~-HCT SaInITd

00t

0oe

10

o

et

SUONDIS JO JaquiNN ‘Ol4DY UOISSaIdWOY :S19jaWDIDd
pisd 001! :8uljadig 8y} ul 9inssald WNWIUIW

1sd 000G :18a1S jo yibualig

SDY |DANJDN :uoljisodwio)

G0

0ol

Gl

oe

Sg¢e

(03

S'e

o'y

S'y

0’S

9]
'e]

JON /S8|1W QO) / S4U8d —}S0) UoyjDjI0dsuDs |

150



918y MOTJ SNSISA UOTEBRIOdSURIL JO 350D

00S1 oov! 00gl oozl 0011 0001

006

008

Kop /JONW — 3Dy MO|4 SDY

00L

009

*LT-ECT 2In3T1g

0

N

00

Q

'

¥ (Y

7

7

W

=t

SUONDIS JO JaquinN ‘olpy uoissaiduio) :siajawiping
pisd 09G| :auljadid Y} ul aINssald WNWiulW

1sd 000‘Ge :le8is Jo yibuayg

so9 {oanjop :uoljisodwo)

S0

o¢e

g¢e

oe

s'e

ot

Sy

0§

S'G

JO /S3|1W Q0| / S4Udd —§S0) UOI40}I0dSUDI |

151



998y MOTJ SNSJISA UOTFBIJIOASUBLL JO 2S00 °*QT=HCT 9INITA

Aop / JONW —@i0y moj4 spg

oovi 0o¢g| 00zl 00l 0001 006 008 00.L 009 005 0o0% 00¢g 002 00l o] ¢0
‘.. Ll wffhl,{..\?,\..h o T
1 - - 1
L " 2 .
g &
= T 1 (o)
S saan=s T e Hoe - od
e H Crarm ¥ %
— B T $.—.ﬂ
e Gl
Y AN lr
&t N,
[
N eht
1A [elr4
S | T 1 ‘_xH
9864 5=
Hee
Ty
L \ o
P \ Hoe
A MH
1
11
1
1
S'v
SUOND}S JO JaquinN ‘0NDY UoIssaidwo) :siajawpIDg
pisd Q0|‘2 :8uljadid 8y} ul 8inssald WNWIUIW o5
1sd 000°‘GY 199§ Jo yibuays
SDY |DANIDN :uoijisodwo)
B1O’] GG

152

JOW /S8|1W Q0| / SHUdd —}S0) UOI}D4I0dSUDA |



0061

aqey MOTJ snsasA uorqesxodsuei], JO 3500

oovl 0ogl 002| 0011 0001

ADp / JOWW — 3I0Y MO|4 SD9
002

006

008

009

*6T-HGT 2anStTd

00S 00t

00

001

R

)

i

-

=

i

-

Lt

T

SUOWDIS JO JaquInN ‘OlDY UOISSaIdWO) :S13jaWDIDd
pisd 00/ :auljadid 9y} ul ainssald wnwiulpw

isd 000‘Go :levIS jo yibuayg

aupdoigd %0} ‘S09 IDN %06 :uoiiisodwo)

S0

Gl

oe

o

o¢e

g'e

(034

S'b

oS

S'S

JOW /S9|1W Q) / SHu3d —§s0D uoijpLIodsuDI

153



218y MOTJ sunsasa uotrgsilxodsusi JO 34800 *Q2-4GT SIn3TJd

Aop / JONW — 2104 MO|4 SDY
00sI oob! 00¢g| 00zl 00l1 0001 006 008 004 009 00S (0,907 00¢
7 T T 11T

y 4

7

He'e

SUOKDJS JO J3QWINN ‘OiDY UOISsaiduwio) :S43joWDIDd
pisd Q0| | ‘auljadid 3y} Ul aInssalyd WNWIUIN

1sd 000°‘co :leeis jo yibuayg

aupndold %0l ‘SD9 ION %06 :uoljisodwoy

(0

ge

oe

TT10'P

Sy

Hos

'S

154

JOW /8|l Q0| / SIud —§S0D UOID}IOdSUDL |



918y MOTJ SNSJILSA UOTARyIOdSUBII JO 3S0) °*Tg-HGT om3Td

ADp / JONIN = 9IDY MO|4 SDO

00s] 00bl 00g 002l 00l| 0001 006 008 002 009 008 0,014 00g 002 (0]0]]
] : I ] gecescesgasasen: T
283 peit i . ] .‘-. - .N =
Al BRI &
B
't S 8
tH ] Vil
; H it
it _. AN
gy- n " N N e
m l -——-

=t

Ho'b

SUOYDIS JO J9qWINN ‘OlDY UOISSBIdUIO) :SIBJBWDIDY

oisd 09G| :auljadid ay} u) aunsseld wnNWIW
1sd 000°GY :1991S jo yibuayg
aundoud 9,02 ‘SDY 10N %08 :uoijisodwo)

0¢

Se

og

s'e

S'v

106

G'G

155

JOW /S8|IW Q0| / SJudd —Json) uoKD}I0dSUDI |



298y MOTJ SNSJISA uUOTqelIOodsuBI], JO 3SO) °*22-HCT 2Jan3TJd

KDop / JONW — 91Dy MO|4 SDO

oovl 00€| 002 [ole]]] 000I 006 008 00 009 005 [0.0)4 0,0} 00¢ 001
g i T T
A% |
Y. ” 1§ :
= o lh- 7
"oy WS B
L) b y ! Cied . ==
d I - 1 . 4
H NN

|

g2

i
L

{
1

290G
1

oe

AHngqedugTaiia e’ U

g

G'e

- A0 A4

ot

Sy

SUOIIDIS JO J3quinN ‘OlDY uoissSaIdwio) :SiajawDIDy
oisd 0961 :8uljadid 8y} ul ainssald WNUWIUIN

1sd 000°GY :lseig jo yibuayg

aupdoig %02 ‘SD9 |DINION %08 :uoljisodwio)

Hog

o i}

156

JOW /S3|1w QO] / Siudd —§son uoojiodsuns|



918y MOTJ SnNsSJIsA UOTZEqI0dSUBIL JO 3S0) *¢g-HGT 2inITd

Kop /JOWIN — 3Dy MO|4 SDO
00¢| oovl (o]0}

:
43
(@]
3
g
;
5

002

00 009 005 00b

11T i1 |

N

I
I
1

n y

.Y

g
al
D

= 1 T

SUOHDIS JO Jaquiny ‘ONpY uoissaidwo) :SisjewniDg

pisd OpG| ‘auijadig ay} ul ainssald wnuwiulp

1sd 000‘GO :199iS J0 yibuang
aundoid 9%, 0¢ ‘SD9 'IDN 9% QL :uolyisodwon

Gl

0¢

G2

oe

g'e

ob

S’y

oS

S'S

157

JON /S|l QO] / S§u8d —s0) UOIDjI0dSUDL |



218y MOTJ SnSIsA uoTqBlIodsuBL] JO 3S0D

006

Aop /JONW — 240y MO|4 SD9Y

008

004

009

005 00t

*Hg-HCT °2JInITd

00!

=

=

AE==NN

SUOHDIS JO JoquINN ‘OHDY UOISSAIAWIOD :SIBjUWIDIDG

‘p1sd Op 6| :ouladid ouj Ul BINSsAid WNWIUIN

isd 000‘CO :1eaiS 0 yibusug

aupdoid %O0¢ ‘SD9 ION % 0L suoyjisodwo)

G0

S’

(O

Ge

og

s'e

ov

S'P

3]

JOW /S3lIW QO] / SIuad —}s0) uolnji0dsuos)

158



998y MOTJ SNSISA UOTEBYIOdSUBII, JO 1S0) °*Gg-dGT 2Jn3TAg

Dp / JOWIN — 310y MO|4 $DY

[e]0) 4] 00¢g| 002l 00l1 0001 006 008 00L 009 000G 0,04 0
. T s
B2} oF 2 : o . +
s il R RE e - At
: 561 aus e

Sl

02

G2

(03

g'e

ot

S'v

159

JON /S91IW Q0] / SHudd — S0y uolDjI0dsuDa |

SUOHDIS JO JaquINN ‘oupy uoissaidulo) :sidjawpind

pisd 009! :8uljadid 3y} ul aInssald WNWIuIN

1sd 000‘G9 18IS jo uyibuayg

aubing ©,»G ‘aundoid %G ‘SDY IDN %06 :uoljisodwo)d *

I

!




818y MOTJ SnsJsA UOTYeIIOASUBLL JO 3S0) *9Z-HGT 2anITJg

KOp / JONW — 9I0Y MO|4 SDO

00S1 oobl o]0, 002 [ole]]] 0001 006 008 004 009 006 [0.0)7 0,0} 002 00l 0] 60
= T :
] - <
o I
63 F: " .
j 19,3 ¥
x 2 o
HEE u B u 2
rag T
Q i - L. w“ -ty
16 - 1
- n (G°)
D _ JIt
n P (o)r4
- 3
Hez

ZRoE Hoe

\ g'¢

1
Hov
S

SUOKDIS JO JaquINN ‘OHDY uoissaudwo) :sJajpwning :
pisd 0002 :auijadid Y} Ul INSSald WnNWiUIW : , o
1sd 000‘GY :Ie9IS o uibusls
auDing %G ‘aupdaid %G ‘SDY IDN %06 :uoljisodwo)

, . S's

i

JOW /S3|IWi Q0| / S}uUdd —§s0D) uoKojI0dsuDs |

160



00¢l1

998y MOTJ SnsJIoA uoTasqIodsusay, JO 350D

00! 00g| 002| 0ol! 0001

ADp / JONW — 2IDY MO|4 SDY
008

006

002

*L2-HCT 2amITJd

00S [0.8)7%

e

:

A4

et

SUOKD}S JO JBquINN ‘OlDY UOISS3IdWOD :S49jaWDIDY
pisd 0Og| :3uljadid 8y} ul ansseld Wnwiuly

1sd 000‘GY :[99S j0 uibuays

a2uDINg %, G “SDY IDN % G6 :uoisodwo)

G0

I,

0¢

ge

oe

s'e

o'v

Sy

0¢

G'S

JOW /S9|1W Q0| / SHU3d — S0 uoIjDjI0dSUDL |

161



2q9ey MOTJ snsJsA uorqelIodsuea], JO 350D

006

ADp / JONIN — @I0Y MO|4 SDY

008

004

009

00t

*Qe-HCT oanBTd

00¢e

n_vo 4 oo 2l 0011 0001
I T
T i
i i

S0

Sl

SUONDIS JO JAqUINN ‘OlDY UOISSAIdWOD :SJ3jaUIDIDg
pisd 00/ | :auljadid 8y} ul aunssald WnWivIW

1sd 000‘GY :I931S jo yibuayg

aupjng %G ‘SP9 IDN % G6 :uoiisodwo)

-

oe

*)4

oe

g'e

ov

Sy

106

jole]

JOW /S8|IW Q0| / S1usd —JS0) UOHDJIOdSUDI |

162



9By MOTJL snsasA uolresIodsurd], JO 4800 *A2-HGT 2an2T4g

Kop / JONW — 204 MO|4 SDY

00sI oovi 00| 002l 001l _  000I 006 008  00L 009 00S 0oy 00g 002 00l .
b I £
o}: Ik BH1 2 1
z j i £ i
- 4 (EERSSERT. (oanaceas
S TrT - & N e y
} 2] = T dl e ﬂw J
g 1 ol
2GS ! - |
I
S
1 A |

3$NOIDIS JO Joy ‘ol40y uolIssadwio) :si9jawping

pisd 088| :auijadid 9y} Ul ainssald wnwiulp
1sd 000°G9 :[9d8iS jo uibuayg
aubyng 9% 01 ‘SDY IDN %06 :uoipisodwo)

o7¢

Se

oe

G'¢

ov

Sty

(6]}

g'g

163

JOW /S9|IW Q0| / SHUad —}s0) uoijpjiodsuni|



318y MOTJ snsasA uoiszejxodsued], JO 350D *0¢-HGT =an3TJd

ADp /JOWIN — 81Dy MO|4 SO

0061 oovl 00€| 002 001l 0001 __ 006 008 Q0. 009 00s 094 00g 00¢ 00l
] -

<

et

SUOIDIS JO JaquinN ‘OlDY UoIssaIdWo) :sidjaWDIDd
pisd 0g2g :auljadld 8y} ul INssald wWnWiuIW

1sd 000‘G9Y :[eviS Jo yibuayg

aubing 9% 0! ‘SDY IDN %06 :uoljisodwo)

Gl

(0

sz

oe

s'e

ot

Sy

0§

g'S

164

JOW /S8I1W OO0] / $1u8d —S0) UOHDjIodsuDI )



218y MOTJ4 SnsIsA uoTyelJIOodSuUBIl, JO 9S00 °*T¢-HCT SJnSTd

ADp / $OWW — 2IDY MO|4 SsD9

008l oovl 0oogl 002! 00l _000l 006 008 00L 009 005 OOb 00 = 002 OOl

hé i

]

Py

-

SUOIDIS JO JaquinN ‘oloy uoissasduio) :Si2{aWDIDdg
oisd QOp2 :auljddid 8y} ul ainssaid wnuiuIN

1sd 000°‘GO :Ie8iS JO yibuans

auping %G1 ‘sb9 ‘IDN %G8 :uothisodwo)

Sl

oe

Se

(03

S'e

ov

S'P

06

S'G

165

JON /S8|1W Q0| / S}U3d —§s0) uoljpysodsuDa )



998y MOTJg SNSISA uoryelsodsuet], JO 380D

*2¢-HCT 2In3Td

Aop / JONIN — i0Y MO|4 SD9

oovl (0.0 002l 00l 0001
I

HH 1t BRON o8

o1

-

SUOI}D}S JO JaquinN ‘OlDY UOISSaIdWIo) :SJ9jowWDIng
pisd 0002 :auladid 8y} ul ainssalgd wnwiulw

1sd 000‘GO :1994S jo yibuaug

suning % G| ‘sDY IDN %G8 :uoljisodwon

S0

gl

o2

G'¢

oe

S'e

oY

St

10'S

G'S

166

JOW /S8|1w Q) / Siudd —}s0) uoljpjIodsuDA |



€98y MOTJd snsasa uorqeqrodsued], JO 1S0) °“¢¢-ACT 2JnITd

Kpp / JONIN — 9I0Y MO|4 Ssp9
00SI oovl

0| 002l 0011 0001 006 008 00L 009 00s (0,04 00g 00¢ 00l

o

~
N

3
hd

SUOWD)S JO JAqWINN ‘OlDY UOISSIdWOY :$48jaWDIDd
pisd 099z :auljadid oy} Ui aInssald WNWUIW

1sd 000°GY :1984S jo yibualg

2S bipbany :uoljisodwo)

N

(0

Gg'¢

og

s'e

ot

S'b

()}

(I A B IR A

S'G

167

JOW /31w Q0] / S§udd —Js0) uoI}DI0dsuDs |



998y MOTJ SNSIsA uot3elIodsuri], JO 380) *HE-HCT 9InITA

ADp / $ON — DY MO|4 SDY
00S| oovl 00¢g| 002l ole]]} 0001 006 008 00. 009 00S 0,014 00¢ 002 [e]o]]
I

=
[
J
]!
J
J
J
]
2l
N
N&

Ve

|t

3.

et

LI == e e

SUOWD}S JO Jaquiny ‘Ol3DY UOoissaIdWOo) :SI3jaWDIDd
oisd 0Q0€ :auijadid 9y} Ul aInssald WNWUIN

1sd 000°S9 :ieais jo yibuaug

2S boany uolisodwo)

-

-

Ge

oe

g'e

ov

S'v

(0]

]

168

JOW /S3IW Q0] / SHU8D —§S07) UOLD}I0dSuUDI |



298y MOTA snsIsA uoTqvzxodsued], JO 350D

i 0ogl 002l 0011 000|

*G¢=HCT 2anSTd

Aop / JONW — 20y Mo|4 sp9

ole]}

B

>
O]

/
fane

Al

Eo

e

Lt

-

SUOKD}S JO Jaquinp ‘Oi4pY uOoissaIdwo) :SI8joWDIDG
pisd Og9g :autjadid 8y} Ul aInssald WnWiul

1sd 000‘ge :I99iS 30 yibuaiyg

S opjoany :uoljisodwo)

P AR SO ST A A S S S S S S S W T U A )

i

$20°

G28'9°

S0

gl

02

g'¢

oe

g'e

ot

S'v

(0]°}

G'S

169

JOW /S3|iW Q0| / SHUsd —§S0) UOIjD}I0dSUDA |



0061

298y MOTJ snsasA uoTqepiodsuei], JO 4509

oovl 0og| 002! 00l} 000

006

ADpP / JONW — 31Dy MO|4 SDS

008

004

009

*9¢-HECT SamBTd

00% 0,814

00l

D
aeh.
i

7

V4

o

=

ft

Lt

T T T T T I T T T T 117

SUOIID}S 3O JaqunN ‘olDY uolssaidwo) :iSJajawpIDg
oisd O€OE :auljadid By} Ul dunssald WNWIUIN

1sd 000‘G9 :1994S jo Yibuaag

S ojouny :uolpsodwo)d

;pm

9GL

S0

Sl

o¢e

4

oe

g'e

ot

S'v

106

S'S

JOW /S3|1W Q0] / SHU3D —§SOD UOI4DIIOdSUDS |

170



APPENDIX F

EXAMPLES OF SAREM'S METHOD FOR COMPUTING COMPRESSIBILITY FACTOR
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Z-factor equation developed

for use in digital computers

Only 36 coefficients need be stored to permit a digital

computer to generate Z factors. Capacity of small com-

puters is not taxed, and mean deviation is as low as 0.004

NATURAL-GAS and reservoir-en-
gineering calculations involving the
compressibility factor Z can best be
handled in a computer program if
the Z factors can be generated in-
ternally by a digital computer.

An accurate method of getting Z
factors from a computer by use of
a 20-by-20 input table was recently
developed by Gray and Sims.! But
for small and medium-sized com-
puters the memory storage needed
for this table lookup method seri-
ously limits the scope of related pro-
grams. What is needed is a method
that will supply the Z factors with-
out using much storage capacity in
a small computer.

The solution. To solve this prob-
lem, an equation requiring storage
of only 36 coefficients was fitted to
a chart in which Z was expressed
as a function of p, and T.. Two sets
of Legendre polynomials were used
and the coefficients were found by
the method of least squares.

Accuracy of such an approxima-
tion depends on the degree of the
polynomials and the magnitude of
the intervals chosen for (fitting,
among other things. For conven-
ience and desired accuracy, the com-
pressibility chart was tabulated at
intervals of 0.1 on p, and T, for
values of p, between 0.1 and 14.9,
and values of T, between 1.05 and

TABLE 2—VALUES OF THE COEFFICIENTS, A

2.95. Polynomials up to fifth de-
gree were used.
The general equation is:

Z= 3 3 APl Puly)

Where:
2p, — 15
X = e
14.8
2T, — 4
y=———-
1.9

P., P, are Legendre polynomials
of degree m and n, respectively.

_ fx.fy Z(X’Y) Pm(x) Pn(y) dde
Ty Pu?(®) PA(y) dydx

Expressions for the Legendre
polynomials of degree 0-5 are given
in Table 1. Calculated coefficients,
obtained by numerical integration
from the Z factor chart, are listed
in Table 2.

TABLE 1 — LEGENDRE POLYNOMIALS
OF DEGREE 0-5

Po(x) = 0.7071068

Pylx) = 1.224745x

Po(x) = 0.7905695 (3x2 — 1)

P,0x) = 0.9354145 (5x8 — 3x)

P,(x) = 0.265165 (35x4 — 30x2 -+ 3)
Po(x) = 0.293151 (63x5 — 70x3 + 15x)

BY A. M. SAREM

... research engineer in the production
research department of Sinclair Re-
search, Inc. He joined Sinclair in 1954
and since that time has done research
in the field of fluid flow in porous
media and phase behavior of hydro-
carbons and associated fluids. He holds
BS and MS degrees from University of
Tulsa where he has also done post-
graduate work in mathematics.

Mean deviation between Z fac-
tors calculated by the method shown
here and those appearing in the
original chart was found to be ac-
ceptable. On the boundaries of the
chart, where T, = 1.05 and 2.95,
and p, = 0.1 and 14.9, 53 points
showed a mean deviation of 0.013.
For 300 points scattered uniformly
throughout the chart, mean devia-
tion was found to be 0.004.
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m=0 m=1 m=2 m=3 m=4 m=5
n=0 ....... 2.1433504 0.083176184 —0.021467042 —0.00087140318 0.0042846283 —0.0016595343
n=1 ... .. .. 0.33123524 —0.13403614 0.066880961 —0.027174261 0.0088512291 —0.0021520929
n=2 ....... 0.10572871 —0.050393654 0.0050924798 0.010551336 —0.0073181933 0.0026959963
n=3 .. ... .. —0.052184040 0.044312146 —0.019329465 0.0058972516 0.0015366676 —0.0028326809
n=4 .. ... .. 0.019703980 —0.026383354 0.019262143 —0.0115353¢9 0.0042910089 —0.00081302526
n=5 .. ... .. —0.0053095900 0.0089178330 —0.010894821 0.009559389 —0.0060114017 0.0031175170
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APPENDIX G

VISCOSITY DATA USED TO REPRESENT CORRELATION






The points on the curves of Figs. 11 and 12 are listed in matrix
form for interpolation by TAB to obtain viscosity at any reduced
temperature, pressure, and molecular weight.

Vil)= 3649 380939e1940094101942e19430294401945e49460]
32.4934.1’360’38.1a40.942.3944.8946.4948.2’5009
290931493369937094008944029480951095401957 ¢
260929429344938e3943429674835148+5542559096263
2402929093441 940029460295209570962¢9660357068
23.9300’39.89480895702’6408,72.,790’85.99920’
2309344948419600697163580098768995019102e¢1910843»
26.942.2:63.:77.8189.998.41108.0116.9124c1:13003
52.9780995.;101.69116.’124c9132-91400’148091520 ’
90e¢s 10269 113e9 123es 13245 142es 151les 1594, 163649 171>
11509 12649 139¢s 149¢s 156469 163es 1729 180e¢s 18649 1924
1359 14749 15849 1686¢s 17843 1864 195e9 202e9 210649 21549
160es 17069 18les 19249 20249 212es 22245 231e9 24049 2484
18669 200e9 21043 2193 22869 238es 2476 2564¢9 26549 2734y
22249 23349 24609 25649 26569 2734y 2824 290¢9 3009 30549
265¢9 27849 29069 30049 310s 320es 3304es 34069 35065 360,
V1(1)= 369 2459 203 le7s le5s 1e3, le29 lels 14
0959 090’ 085’ 075’ 07’ 065
MT(1)=15e9 18e93 21es 2443 27es 3069 33es 354
KS(1l)= le3s 1620591l 1e08s 1404 14008y 16004, le
PRD(1)= 1les 249 309 465 5e¢3 66s Tes Bes oy 10
NP=10
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APPENDIX H

DATA FOR COMPRESSIBILITY FACTOR OF METHANE~-PROPANE SYSTEM IN MATRIX FORM
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APPENDIX T

SUBROUTINE FNGFRI FOR CALCULATION OF MOODY FRICTION FACTOR
BY COLEBROOK RELATIONSHIP






EXPLANATION OF THE EXTERNAL FUNCTION FNGFRI

This external function solves by trial and error for the Moody friction
factor using Colebrook relationship., It is good for both fully turbulent flow
and for the flow in the transition zone. Explanation of its usage is as fol-
lows:

FNGFRI (FTB, D, EE, QB, G, MV, FT)

FTB = Set FIB = 1 for fully turbulent flow
= 0 for transition zone
D = Inside diameter of the pipe, in.
EE = Pipe roughness, in.
QB = Gas flow rate, ftB/day
G = Gas gravity (mol wt/29.0)
MV = Viscosity of the mixture, lb/ft/sec
FT = 2//FM
FM = Moody friction factor
$COMPILE MADs EXECUTEs DUMP »PRINT OBJECT FNGFR

RSUBROUTINE FOR FANNING FRICTION FACTOR(1/SQRT(F))
RFOR FULLY TURBULANT SET FTB = 140y OTHERWISE SET IT ANYTHING
RFT= 1/ SIRT(F) = 2/SQRT(FM)

RREFe KATZ HANDBOOK EQUATION 7-23» PAGE 302

R

EXTERNAL FUNCTION (FTBs Ds EEs» QBy Gs MUs FT)
E'O FNGFRI.

INTEGER FTB

FT= 4o#* LOG10s(D/EE)+2.28

FT2 = FT

WIR FTB oEe 1 5 T'O FB

RE= 1.3526E-5% QB*G/ (MU*D)

LOOP FT1= FT2~4e *LOG10e(1e+ 4o67%#D* FT/(EE¥RE) )
WIR oABSe (FT1=FT)/FT +Les 4001
T'O FB
O'E
FT= FT1
T'0 LOOP
E'L
FB FIN
E'N
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