23973 | - o

</
i ‘ J
. y National Libllal’y Bibliothdque nationt‘ale ' *CANADIAN THESES THESES CANADIENNES
| of Canada du Canada ' ON MICROFICHE SUR MICROFICHE

v . . - = . QA .
. K \
N .
,

Nl

JAMNAL _HUSSEIN. ABOU - K ASSEr

NAME OF AUTHOR/NOM DF L*AUTEUR

TITLE OF THESIS/TITRE DE LA THESE_ DETERMINATION oF BoTToM ~ HOLE PREssyge

\ ’ ' IN_ElowiNg 'Gas WeElLs

L]

UNIVERSITY/UN/VERS;TE' ZHE _ININERITY OF HLBERTH _

> GRade %&”123&’2%’5#‘??35?%’#%gsmm — MSe. gn Pergoieum Evernes AinG
YEAR THIS DEGREE CONFERRED/ANNEE D’ oarf/vr/cw DE CEF GRADE — (3275 ‘

NAME OF supsnwson//vou DU DIRECTEUR DE msss P eler. M. DLRANC HU K

1)

Permnss:oh is hereby granted to the NATIONAL LIBRARY OF L’autorisation est, par o présente, accordée 3 /a B{BI.IOTHf-J

i f

" CANADA 1o microfilm this thesis and to lend or seli copies’ - QUE NATIONALE DU CANADA de microfilmer cette these ot

of the film, - C o | . . . de piéter ou de vgndre des exemp/éi;es dt; film.

The author reserQes other publication rights, and neither the L'a:rtew se réserve les autres. droits de pub/icatipn; ‘nila
thesis nor g.xtenswe extracts from it may be prmted or other- * . thdse nf de longs extraits de celle-ci ne doivent étre im;;imés
wuse reproduced without the author S written permission. | o a\utremergt reproduits sans lfauforllsation é(:rite de /’ag}dér.

M
L

DATED/DATE . L 17, /375 SIGNED/SIGNE /ﬂ :
: : 78 A 7

PERMANENT ADDRESS()??S/DENC&' FIXE ; C/ Mmmaj E’ﬂqma&'um.q _'DUMA{M&V{‘ :
L/ o//? Eaﬁmm,gl L HALTA, -:7'6‘6 25(7"‘
_CALATA .
/'u;.‘ . . .

©

AS . =~

NL=91 (3-7¢)



THE UNIVERSITY OF ALBERTAY

DETERMINATION OF .BOTTOM-HOLE PRESSURE
IN FLOWNING GAS WELLS

: by

.

@ JAMAL HUSSEIN ABOU-KASSEM

A THESTS' \ _ |
SUBMITTED To THE FACULTY OF GRADUATE STUDIES AND RESEARCH

"IN PARTIAL FULFILMENT OF THE REQUIREMENTS- FOR THE DEGREE

OF‘MASTERvOF SCIENCE
in

PETROLEUM ENGINEERING

-

: . |
- DEPARTMENT OF MINERAL ENGINEERING

EDMONTON, ALBERTA >

e ~ SPRING, 1975



THE UNIVERSITY OF ALBERTA

"

FACULTY OF GRADUATE STUDIES AND RESEARCH\J

The undersigned certify that they have read, and -
_recommend to the Facu]ty of Graduate Studies and Research,
for acceptance._a thesis entit]ed'"DETERMﬂyATION OF BOTTOM-
HOLE PRESSURE IN FLONING GAS WELLS", submitted by Jamal
Hussein Abou- Kassem,, in part1a] fulfilment of the requ1re-,

ments for.thewdegree of Master of Science in Petroleum

Enginéering; ' o

o -
Date ... .«Zpack | lo,

~



TO THE PEOPLE OF PALESTINE .
WITH DEEP RESPECT e



ABSTRACT

-

An : existing mathematical _model for calculat1ng bottom-

hole pressure in flowing sing]e Phase gas wells has been

modified. The mod1f1cat1on improves the varfous correla-

tions employed in the model, Furthermore, it extends thev

'.app11cat1on to sour natural gas wells. The modified model

was tested against field data. The discrepancies between

~ the modified model] pred1ctions and the pressure data are

traced to a variety of factors. o , . ( \\\y.

tigation. These ‘are:

1.

Severa] side benefits have resulted from this inves-

0

A new mathematical correlation was . deve]oped for the

ideal isobaric heat capacity, for sweet natural gases

_over the range=32 - 2240°F and for sour natura} gases

‘over the range 32 - 300° F.

A new mathemat1ca1 generalized corre]ation was devely
oped for the heat capacity departure over a range of |
reduced pressure of 0 - 15 and reduced temperature

of 1.05 - 3.0. | i |
Mathematical express1ons weére deve]oped for the partial

der1vat1ves of reduced densit1es and compressib111ty

‘=factors of natural gases with respect to reduced pres-

a

sure and- temperature

A FORTRAN subrout1ne was developed that is capab]e of

g regenerat1ng the. Moody fr1ct10n factor chart for

LN
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relative roughness up to 0.05 antReynOIds numbers ’

greater than 4000

‘A method 1s proposed for the estimation of absolute

roughness of tubing ‘The method is essentially another

modification of the esttinq model R
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INTRODYCTION

L)
1.

Flowinblbottom-hole'pre§§ure is-0f importance in study- |
‘ing'reservoir'behavior' Many me thods have been 1;::loped¢for‘ |
th& calculation of flowing- bottom-hole pressure f surfaée

- measurements for-Singleaphase gas flow'(l 2,3,4,5,6,7,8). v
“fThese methods use the Force-Momentuni- Balance differentia]
equation and emp]oy various simp]ifying assumptions. ifﬂi
In 1964, Dranchuk and Quon (9) proposed a general solu-
tion for the equati;hs“describing steady state turbu]ent
singie phase gas fiow in circular conduits. ‘This method has

an advantage over the others in that it permits the simultan-d"

eous caiculation of the pressure and temperature profiles 1n

the f1ow1ng fluid ‘
Inspegtion of the Dranchuk and Quon method shows that '

‘1t employs a constant step-size integrating scheme and

fl

approximate formulae for evaluating the var*bus required

terms such as the gas compressibility factor, its part1a1
gderivatives with respect to reduced pressmre and temperature,

the Prandt] number the gas- fi]m heat transfer coeffiCient, '

and friction factor Furthermore it handles on]y ‘the flow |
" of sweet natural gas amp requires that. the gas composition

be’ known a B e

The obJectiw/s/of this study were tOg; .

- 1. Modify the Dranchuk and Fuon mathematical mode] 50 as t6
A _ ‘ \

o
. B e T
. . B . : [S
, s . .

< o ) £l -3
] .

¥ -



.“,Introduce necessary mod1f1cat1ons to both -the or1gina1

<7

permit the est1mation of absolute rouphness when flowing
bottom- ho]e pressure 1s provided in addition to various
sqrface measurements . |

Extend the@applicability of both the original ano modi -
fied models so as to handle sopr natural gas and flow
in‘the regionof partially. devel.oped turbulente'

Study, test if. possible, andJchoose more‘%oph1st1cated N
computer adaptab]e methods for the evaluation of the gas

compress1b111ty factor, its partial der1vat1ves. 1sobaric

“heat cap%c1ty, fric¢tion factor, overall heat-transfer

coefficient, gas-film heat- transfer coeffic1ent, Prandtl

-number, therma] conduct1v1ty, and viscosity.

¢

. and modif1ed0models $0 'as to perm1t ‘their use to f]ow L ¢y

prob]ems where the gas gravity 1s the only known property

n -of the gas and where gas compos1tion is not ava11ab1e

Compare the ca]culated bottom hole pressure va1ues by

.means of the e&tended mode] w1th field data.
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LITERATURE REVIEW

Flowing Bottom-Hole Pressure

A variety of methods has been developed for ca]culat-
ing f]owing bottom- hole pressure in dry gas we]]s (10, 11 12
13, 14 15, 16 W17). 6'ﬂ(12 (18) has rev1ewed most of these me thods .-
}These methods utiiize the Force-Momen tum- Ba]ance differential
equation and employ simplifying assumptions such as neg]ect- -
1ng the kinetic energy term. assuming constant fluid tempera-
ture, etc Dranchuk fand: Quon (19) suggested ‘an a]ternative
approach by 'simul taneously solwing the Force Momentum- Ba]ance
.and the Total Energy Balance differential equations Young
“(20) assumed a linear f]uid temperature profile in order to
ﬂnumerica]]y integrate the Force—Momentum Balance differential
equation. Recently Dranchuk- and McFagland (21) have studied ,‘
Young s method and as a resu'lt have proposed a modified solu-
tion for the ‘Ssame differential equation The Tatter two

methods assume a constant friction factor as suggested by

Cul]ender and Smith (22).

Compressibility Factor of Natural Gases °

The gas compre551biltty factor is a coefficient which

.corrects for. the noneideal behaViour of real gases. ‘This fac- .

g

tor is necessary in _any caicu]ation invo]ving vo]umes of

gaseous mixtures Standing and Katz (23) presented a graphi-



cal correlation for the compressibility factor of dry and
- sweet natural gases. Elfrink, et al. (24)Qproposed another
graphfca] correlation for theiéahe factor for sweet and two-
phase as we]i as one-phase natural ga;es The former cOrre-
.1ation has been widely accepted by the petroleum 1ndustry
Accordingly severa] fitting and 1hterpo]ation techniques
(25,26,27) have sought a mathematica] representat1on for the
Standing and Katz correlation. | f
In the last 35 years many equations of state'have‘been -
deve]bped to-hand]e-hydrOCarbon‘gases anq their mixtures' |
(28,29,30531). Wichert and Rziz (32,33) preeented.aebrief
.review of the various equations'of state used for calculating
natural gas compressibility factors. Among these'equatiqne '
those of Redlich-Kwong (34) ane.Benedigtfwebb-Rubin'(35) have.
received wide interest. Several investiéators'(36,37.38)
have introduced a few moeificat1ens to the B-W-R equation'
‘to make it’app]iCabie‘at very low temperétures and useful
in handling complex hydrocarbon mixtures. Others (39,40,41)
: have fitted the generalized forms of various equationseof
state tovthe tabu]ated Standing and Katz correlation (42)
., in attempts to predjct the vo]umetric behavior of sweet
natural gases. _ | |
| In ordér to predict the volumetric behavior of dry |
sour natural gases, Robineon,’et al. (43)_deve16ped a corr-
ection fector correlation to be used with the Sfandihg and
Katz correlation. Nfcherf'and Aziz (44,45,46)_presented an

alternative approach whithﬁemploys modified pseddoériticals



of sour natural gas.

1

[sobaric Heat Capacity of Natural Gases

The 1sbbar1c heat capacity of'gases is usually calcu-

- lated by evaluating the jdeal 1sobariE heat capacity and the

heat capacity departure from the ideal state at.high pres-

sures. . o ' : / |
Kobe, et al. (47) and Thinh, et al. (48) presented the

ideal isobafid heat capacity of pure gases a§ a”functiqn;gf’

temperature by means of third'degreéfpolyhomials. Kothari

and Doraiswamy (49), through dimgnsibnh] analysis, showed

that fhe ideal isobaric heat capacity for pureggaSes could

be gxpfessed'as_a function of molecular weight ahd reduced

témberature. On»the othér hand the ideal isobaric.heat'cgpa-

~city of a gas bixture may{bé expresséd by'meéns‘of the mo]a}

average (503. | | | .

: The heat ;apacity»departuke-from'fhe ideal Stgte at hi

pressure§ has Béen studied by many\{hﬁEgtigators,» Dodge )

(51)VQéve1oped a generalized correlation for the raFio g@.. ‘\~f~\;

Watson and Smith (52), Lyd‘er'sen,le}t al. (53), Edmister (.5/4)_,

Weiss and befe.(SS);uand Shérwood'(SG)fpresented either}' |

graphiga1‘or tabu]ated'genera]ized corrélations'for the .

differgﬁdé (Cb - CS). Comings and_Nathan (%7)‘showed that

the differencg~(cp'- C;) and not the ratio UE is a’fthtion

of reduced pressure and. temperature. As a result, they

2 . -.CB) as-algenerai

'recommendéd‘the use of the difference (Cp

" lized correlation. Furthermore fhey poinfed out “that the



"\ .6
;o o

Watson and Smith generalized correlation might give errors
‘as high as 50 per ceht. - The Edmister genéralized correlation‘
may be in error by as wmuch as 50 to‘lob‘per ceht (58).
Sledjeski (59), Seifart and Joffe (60) used the B-W- R equa-
tion of state for predict ng (¢ . ";) of propane and meth-
: ane.. They reported that s\tisfc .ory'agreement with experi-
mental data was obtained foritemperatures greater than 150°F,

\

“The Hydrau]ic Friction Factor -

Under normal conditions of fluid flow in pipe (norma]
velocities, sing]e -phase flow confined conduits, no tempera- o
ture difference between the %ﬁuid and the boundary wa]l) the
‘friction factor 1s- a function of Reyno]ds number and rela-_
tive roughness (61,62). For commerCial pipes. the\fsiction
factor decreases at a decreasing rate as Reynolds number S -

increases, and once the boundary Reynolds number (R ) has
€b

been reached the friction factor remains constant (63 64).
Several investigators (65,66) havéedeveioped different
r'mathematical expressions for the friction factor in both the -
'rough and smooth pipe regions The friction factor in the
_tran51tion region was controversial unti] Colebrook (67)
bridged the gap between the smooth- aud rough pipe regions
with his particu]ar transition Taw. «Later Moody. (68) con-
'structed a friction factor chart in which he employed the
‘Von Karman formu]ae for the smooth and rough pipe regions
and the Co]ebrook tran51tion law for the tranSition region

Cui]ender and Smith (69) dssumed that gas fiow through



tubing in gas wells is fui]y turbulent. Consequently they
suggested a constant friction factor as a function of tubing

diameter only

Absolute Roughness of Gas Well Tubing

. It is well known that absolute roughness changes with
time due to pipe corrosion , Colebrobk (70) found that the
rate of deterioration of pipe depends on time, type of flow,
lining material, size of pipe, and the character of the flow-
ing fluid. | ' |

Cullender and Binckiey (71) reported an abso]ute rough4
-ness of 0. 0006 inch for gas well casing. Smith, et al, . (72),
from their own experimentai data, -reported a vaiue of 0.00065
inch for the absolute roughness of ‘gas well tubing A range
‘of abso]ute roughness of 0 00055 0. 0019 inch for experimental
gas pipe lines has been reported by others (73)

~ Overall Heat-Transfer Coefficient

Heat transfer betweén a flowing fluid in a pipe and a
solid separated by one or more soiid ]ayers can be conveni-
_.ently handled by utiiiZing the overa]T heat transfer coeffi-
‘cient concept Expressions fof the overall heat transfer
coefficient for uniform geometries may be found in any heat-
transfer reference (74 75). Holst (76) studied this coeffi-‘
cient for the case of steam inJection down a wel] assuming
| Simpie and uniform geometries Dranchuk and Quon (77)

suggested an expre551on which requires a tria] and- error

"%»;
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procedure for the same-coefficient in a gas welleystem

The various expressions for the overall heat transfer
coefficient require knowledge of the gas- film hedt transfer
' coefficient. The latter coefficient has beén exhaustively
,investigated~ Simple,-semi—empirical; empirical and sophisF
ticated models have been developeh for the estimation of '
the gas-film heatrtransfer coefficient (78,79, 80,81,82, 83)

N\

" Thermal Conductivity of Gas Mixtures ' | : W

"Reid and Sherwood (84).have reviewed most of the exist-
ing methods for the‘estimation of the thermal conductivity
of pure gases and their'mixtures : Amdng these methods, that . °
of Misic and Thodos (85 86) for pure gases may be effici-
ently adapted to computer calculations Lindsay and Bromley
'(87) proposed a generalized equation for the thermal
conductiVity of. gas mixtures atlatmospheric pressure. Stiel

and Thodos (88) studied the effect of pressure on the thermal

conductivity of pure gases.

1
i

o

Viscosity of Pure and Natural Gases

[

The viscosity of pure ‘gases and their mqmtures has been
studied by numerous - investigators Reid and Sherwood (89)
| ave an excellent rev1ew on . the subJect Herning and Zipperer
?LQ) suggested an - empirical formula for estimating the vis- . |
‘iCOSlty of a gas mixture from those of the 1nd1vidual ~compon-
ents | Bicher and Katz (9l) presented a graphical method for

natural gas v1scosity as a function -of specific grav1ty,,



Rl

temperature, and pressure. Cérr. et al. (92) devéloped

anofher graphical correlation, which utilized the law of

corresponding staté Lee, et al. (93, 94) studied ard deve-
loped empir1ca] formulae for the- viscosity of sweet natura]

gases as wel] as pure hydrocarbons.



MODEL DEVELOPMENT

Four main models were developed to meet part of theJ

objectives of this study. The objective, development, and

requirements of each main model are as follows:

,Ma1n Mode] A

‘The objective of this mode] is to estimate the absolute

roughness of tubing.

The development of this mode1 fs presented in detail
in Appendix A. It can be br1ef1y described as fol]ows

- The Force- Momentum Balance differential equation for

-a fluid element contained in a pipe segment may be written as:

oy v g g, . <udd<u> , f<us _

. whére o is the inverse of the momentum correction factor.,

4

(The value ofithe momentum\correction factor for
turbu]ent f]ow is closer to un1ty than for 1am1nar

f1ow (95).)

- The Tota] Energy Balance d1fferentia] equat1on over :

the same pipe segment may be expressed as:
. , _ 'l

.‘ 2
di _ 7D G. <u>d<u> _
Sa - = I () [an 4 S e @

10

/ . » " ' ~ o
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- The equation of state:

7

PV = ZRT | (@)

- Equations 1, 2,‘and 3 were rearranged to yield the

~following:

At gt Bt o )

and |
dp - dT
D* i+ Ex = = F* (5) -
Y

From which . ‘ ‘ - - o

dP . *.Fd _ * *
and

9Ty A%epx - coups | |

T " B+ : (7).
where

A* = fcn(T P T ,P .M »Q, »D) . L
'B* = fcn(T L .M .0 D) - 25 | aA
C* = Fon(T P ,T ,P ,M .Q D,asS) | ." (85
- D¥ = fen(T,,P.,T P My QD) .M;ALu‘fﬁ{m,,_
| ‘E* = fcn(T s P .T »P ,M ,Q »D) _ | C
and . Fx s fcn(T PraTeaPos M, Qo’D’u)



) 4 "‘. ‘ ’ i ' ]2
’ dP dT
In order to obtain a so]ution.are and Ef_ must be finite.
Equat1ons 6, 7, and 8 1mp1y that '

dP

a'r" fcn(T P sT .PC,M ,QO,D,H‘S U) L (9) .
and

: dT : ._

T— fOTl(Tr.P T |P oM )Q D, ,S U) ' (]O)

n
- For a specific flow problem. that 1s. when pipe'
d1mensions and position in space (L* D: s). flow rate (Q_)f\
and gas properties (TC,PC.M ) are given, Equations 9 and 10

u

reduce to

dPY‘ )
a-[-—‘= fcn(Tr.Pr

Cand R // ‘ L
T ar£.=_fen(Tr,Pr.%.U)_" : - (12)

alm

Q)

-~

G- The overal] heat transfer coefficient U as suggested

by Dranchuk and Quon (96) is:

1}

‘ (13)

1
= -+ R*
TR

.



‘ -_.j\"r\‘ .

where “h, = gas-film heat-transfer coefficient:

= fcn(F R& d)

< fen(Top LS8 SR 1)

- _F},auPrandtJmnumbermj‘ T T o .
Ry = Reynoids number o ¢
and  R* = average therma] resistance of the surround- ' '
ings. ft. 2 sec. "RBtu

- Combining’Equations ii,”[é;gtag‘and 14 yie\us,,

A

-

S - fon(Tr~P .d-R ) S as)y .
. and‘ B vi\\

L sonlTyat, 'd"‘ Y ey

- It is assumed that £ Fi and R* are.sonstants but have

unknown vaiues which have to be determined i

Thus the main model A— which/describes Single phase

. gas flow in pipes. consists of two non linear differential e

./eqhations, Equations 6 and 7 or 15 and 15; and two-parameter
estimations nameiy 4 and R* This system of differential
equations has to be soived simuitaneously for the boqydary

concitions S ,,,f/‘f;;t,*jié\*nifr
' At L =' 0 ‘ P(O) 'n p] Co and T(o) '
At L=l by spy v_;,a_,','df,.j T(L*) > 72 \ S

-
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[}

This model requires alyebraic expressions for. the gas

compressibility factor. its partial derivatives. friction

" fac

ent

'vity

" hea
temperature, length andtinnerwdiameter;of‘tubing. and ground

.surface‘temperature,

Mai

tor. the Prandti number. gas-film heat- transfer coeffici-. .

» isobaric heat capacity. viscosity and thermal conducti-

} 1
A
\

Data required are gas composition. flou rate, tubing

d pressure and temperature. bottom- hoTe.pressure and

5
\

ing

It
be
“thi
Equ

~ Thi

sim

com
fac

ent

n_Model AA (Method 2)«

 The objective of this model is .to calculate the. f]ow-

bottom-hole pressure. ) i -
This model is the origina] Dranchuk and Quon model.

is a special case of main mode] A where 3 is assumed to'

0. 0305 as suggested by Cu]]ender and Smith (97). Thus,

s model consists of two non-linear differenti T;equations. o

ations szaﬁa 7, and one parameter estimation namely R*,
S system of differential equations has to be solved .

ultaneously forithe boundary conditions

e ©

&,

At L ejL*i- P(L*) = P and'v T(L*) = /f

This modei requires aigebraic expressions ﬁor thE’gas L

pressibility factor, its partia] derivatives. friction

tor, . the Prandtl humber. gas- film heat- transfer coeffici-

, isobaric heat capacity. viscosity and thermaT\conducti-

~

[



‘ !
Data required are: gas composition. flow rate. tubing

head pressure and - temperatures bottom-hole temperature.

-length and {nner diameter of tubing, and ground surface
temperature Ll e N

. ) ] o : \ ‘ ) :\.\ L. ]
Main Modelev ‘ .

<
‘The obJective of this model is to estimate the abso~
lute roughness of tubing. |

This model differs from main mode] A in that it assumes

the overall heat transfer coefficient constant at- some aver-
age va]ue, hence ' S O

. | o e
- & & R¥* a constant - =, (17)

Consequentlg‘nhen Equttibns'li. 12, andli7 arefcombindd.

5 -

" fom(TLPSikes) g

“and

at - gonlT, e, ~d,R**> S ey

. . ';.J‘ -‘ ' . . /‘\','
' The same boundary conditions as those in maih modei A 7
are employed B )

This modelArequires-éigebraic‘eXpressions for-thelﬁas;

e



\

T

<

" Main Model BB (Method 2)

°

16 -

< ' . ~ : (

compréssibility factor, its partial derivatives, frictjon

FK!

factor, isobaric heat ~capacity, and viscosity.

Data required are: flow rate, tubing head pressure
and temperature, bottom-hole-pressure and temperature.'length
and inner dlameter of tub1ng, ground surface temperature,
“ind e1ther the ca: composition or the gas gravity along w1th

the mo]e fractions of N2, C02. .and H S

The objective of this mode] is to ca]cu]ate the flow-

1ng bottom ho]e pressure.

This mode] 1s a special case—of main mode1 B where %
1s assumed to be Q—Q%QQ . Thus this model consists of two

7.

non- 11near d1fferent1a1 equations, Equations ° and 7, and

‘\

one parameter est1mation namely R**,

The same boundary condit1ons as those in mavn model

AA are employed

This model requires a]gebraic expreSSIOns -for” the gas -
compressibi]ity factor. 1ts partia] derivatlves. fr1ction

factor, isobaric heat capacity, and visc051ty .
| Data required are flow rate, tubing head pressure and
temperature, bottom hole temperature. lengtmgand inner dja-
meter of tubing, ground surface temperaturEJ and either the
gas composition or the gas gravity along with the mole

fractions of N2. C02, and HZS

L4

.
A

e

r
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. . oy .
. Special Casés of Main Models AA and BB : v

In the fo]lowing special cases both main models AA and

BB reduce to one mode]:

i

1. Adiabatic Flow (Method 1):

There is no heat-transfer between the f]owing fluid

™and the surrounding, that is,

N
P s

U-= 0. (20)
This method requires solving simultaneous]y Equat\ons

6 and 7 for the boundary cond1t10ns

At L =0 T, =T
. (o) 1
and _
At L=Lx  pog)=p,
2.7 Complete Solution of the Force- -Momen tum- Ba]ance

Method 3

‘(_ This method assumes a linear temperature profi]e in the

Differential Equation

!

flowing flu1d It requires solving Equation 4 for the

boundary condition“
L = L*‘ P(L*) = P T @

Equation 4 may be Written as -

dp_ v | |
a-r (C* - B* 'ar)/D*' . : . (2])



where

dT. T ey - T | :
| dLi“ - (_U- )L*_ (O))/pTc | | (22)

3. Method 4:
- This method is a special case of Method 3 where the
friction factor 1s assumed constant as suggested by Cul]ender
and Smith (98). | |
-Method 4 is equivaient to that of Dranchuk and
McFarland (99)

o

The main models require algebraic expressions (models)
for the gas compressibility factor. its partial derivatives "‘.
with respect to: reduced temperature and pressure. isobaric '._
~heat capacity. friction factorL -overall heat transfer co- b (
efficient. gas- fiim heat-transfer coefficient the Prandt]
number, therma] coﬂductivitv and viscosity g ' ‘

The various mathematica] expreagions for these terms ffff

are the subject of the rest of this section

v

Compressibility Factor of Natura] Gases

| The compressibi]ity factor of dry sweet naturai gas
© may be expressed ana]yticaliy by many methods In this study
.‘the reduced form of the B-W- R equation of state as suggested
by Purvis (100) and Dranchuk. et~3t’ (101) was chosen to

represent the compressibi]ity factor, where
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Z_p A, A Ac
Z = CP_-|+(A + 2+ 3){) +(A + 5)02
5T, I SR EONNURS wl
(23)
AcA A
5 72 2
T Pr T3 e (14 Agel)eap(-Ago?)
r |
and .
Q B
Aj = 0.31506237 A, = -1.0467099  Ay= -0.57832727
Ay = 0.53530771  A; = -0.61232032 'A7/= -0.10488813
A; = 0.68157001. Ag = 0.68446549

8

Equation 23 may be extended to sour gas by app]ying modified '
upseudocrit1cal pressure and temperature, when calcu]ating
the pseudoreduced pressure and temperature, as suggested by

Hichert and Aziz (102), where

a . . :
. - . - v ~
» , : . \

e e qs [ 0.9 1.6
€y = 120]{Xe +Y ) ~ (Y + Y )

" ta
| 0.5 ] R . - B
oI5Vt 2 - Y o _
'[:Fzs ”zg]-' I ,
| - . (24)
Te = Te - g3 o
e
.“ ._ o PT . < o ) _ .,.d
P - . .

c f-[i +'YH S(1 Yy S)e:]. », - . .ﬂ‘fh |
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Partial Derivatives of Compressibilify Factor

The partial derivatives of Z with respect to reduced

temperature and pressure may be calcu]ated by empioying a

numerical technique " However mathematical expressions for

these derivatives may be derived from Equation 23 as shown T

in Appendix B. These mathematica] expressions may be

expressed as:

(& o) =z-?’—.--’—(3$15 (29
P T ey TR, - >
and | - \ i
8z L L | £
) Y 4 - —— . . 26)
P G )y, [%?. 5, (EF;)i;] : -G

The partia] derivatives of reduced den51ty with respect to

’ ap
-reduced temperature and pressure,_( ) anﬁ ( Ly, | may
| | _T_ P , EF; Trﬁ’, A

. be written as:

| ZA
) 3.
 3p. -[Er.+ (A]-——g)pr + A4D ——g p (1+A8p )exp( Aap E]
‘ r = e Y‘ ] r
(ﬁ:)«Pr = : | — - ‘ 2 — :
) , . . r ‘ o

|6AgAgh2 + ;lf p2(3 + 3Agn2 - 2A2p )ezp( AgP )

(27)
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Cand’
(2fr) . i % .
(Tr P ENT + By Sgdop + 3(A,T, + Ag)e? +| (28)
. . A C ‘ Q, o / |
| 5 7- 2 an 2" 2 4 2
r - _ el

Isobaric Heat Capac1ty of Natura] Gases«.

The 1sobar1c heat capacity of natura] gas may be repre-'

. sented by:

C, S C% o+ (C -¢) . (29
. Pm . pm'.'( Pm pm)‘ ISR .(_9)
where C_ = 1sobar1c heat capacity of'naturalagases,-Btu/lp_i :
' . m .mole. °R. ; : DR S
S c’ '='1dea1 1sobar1c heat capacityﬁqT'naturaﬂagases,-”
o Py Btu/1b moTe. °R. T o R
(C -c’ ) = heat capacity departure from the ideal state of
pm pm T natural gases, Btu/1b mo]e °R o A
ST Ideal Isobaric Heat Capacity . ‘[41 b'
Two' models may be used to represent the idea] heat capa- '
. c1ty of. natura] gas. - B '
a. Mode] SR PR R T O EER

In this model, C;'.isptaﬁen‘as“the molal average; that _ -

. .

_is,'
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oo e
. C ° = 2 : C o Y '- -M‘"“‘ymw“""\""""\w\,..,\,_‘-_N ( 30 )

Poasr Ped T W
where - ’
. . "\'
. IZ(L J T ( ) .
¢ = a.T (3
Pi " j=0 b : : s

This mode1trequires'that‘the.gas-composition be known. |

@

b. Model ¢ 2 - R Tt
| Pm c o e

This mode] was deve]oped 1n this study to represent

the 1deal isobaric heat capacity of sweet natural gas as a

function of gas gravity (G) ‘and pseudoreduced temperature

) o

(T ). that 1s,

cc ° = A(G) + B(G)T o (32).

. pm BT L
H. C - : : v

_ ~ . : _ %

where the subscr1pt mH C. means a mixture of hydrocarbons

. This equation can be extended tofsour natura] gas. by apply-

ing correct1ons to. account for the presence of N2,_CO » and-

HzS as follows . I | f' 'J'”'f L
i C? . W : . v'\* (33) ;
5 ‘ R m_ COZ NZ Hz:;‘ - o \\ : _L.:»
fN2;=§fah(rN2;II\ S _,7 :-)vlt'-:x34) |
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" FCOZ' = fon(Ycoz,T)'. : N | (35)
and
where:,T = temperature of gag,»5R;

2. Heat Capacity Departure

f*ﬁ - A heat capacity departure model was developed by employ—
.1ng the reduced form of the B-W-R equation of state and’ uti—
lizing thermodynamic propertie& as shown in Append1x C. The

heat capac1ty departure may he expressedé@
pm pm 6A, 64, 3A, |
| [ - r A—-j- + (———3- 1 p )exp( ABD )

. 2A -
. ' - 3 2 7 24 2 2yl
*Tr[I * (A1fqrfr)°r,f Rapy - —3 pr(]fABOr)e?P('A8°rE]‘ |

ro-..

+— . : —
T F'; R 2(A, T+ A N+' A3 ) . 3(A‘i‘T A ) 2.+—
R L e T2 ?—? Py "'yt Agle,
. . ) . r . \\' e~
o ”sA'Aipslr i p2(§7;e3A‘J2F: 22p%) 'f-A'IZ)'ﬂ .
” . 57%"p ,?_? g A 8Pr ¢ 8Pp exp 8pr."' o
' o ey
v 'A]thougﬁ'thfs equation was developed for sweet netdrai‘fb

Y

£
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.gases, it may be app]ied to sour natural gases as will be

shown later.

‘The Hydrau1ic Friction F&ctbr'

The hydrau11c friction factor as presenteq by Moody

(103) in chart form has been widely accepted’ and used for 7

est1mating Pressure drop due to fr1ction in both gas and oi]

pipe lines.

Th1s chart was deve]oped by u51ng the fol]owing

'equations for the var1ous reg1ons

1. The Smooth Pipe%ﬁegion:

- -Where

, and 

| 20014 855

1

210 (—2—-§1_Rel )5
L m——= o . H

friction factor.

Reynbldsvnumber_

gas gravity, (air =.l).

L
Mair 28.9)

gas. v1sc031ty. c.p.

gas f]ow rate, MMSCF/Day

2

- .e

ojm

Aabsoluté roughness, inch.

~inner diameter of tubing,xinch2 

of
(f1e1d un1ts)

(38)
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2. The Transition Region:

:Ihis”region is sometimes referred to as the region of

partially developed turbulence The friction factor in this

region was represented by the Colebrook transition law (104),

where = ' S _v

~

—_— 2log (%Lg 2:51 ) 3 < e* < 60 (39)
i e R YT S -

3. The Rough Pipe Region:
This region is sometimes referred to as the fully deve-
loped turbulent region“ The Yon™ Karman rough. p1pe law was

employed to represent the friction factor in this region,

where
. Y - 3.7y . . . oy
N AT ] ?*v > 60 (o)

" Rather than using e* to express the boundary between

the transition and rough pipe regtons one may use the bound-

”ery Reynolds number (R ) technique proposed by Moody (105),

‘o\
wher‘e/ :

‘ i

- This method is simp]er and easier to use than e* and was,

therefore, chosen in this study.

Equation 39 is too cumbersome for hand calcu]ation;sinceu

-~
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1t-requires trial -and-error. For this reason Cu]]ender and .

Binckley (106) suggest a simplified friction factor formula

- as a functidn of flow rate, viscosity, gas gravity, and p1pe

.diameter On the other hand Cul]ender and Smith (107) sug-

gested two fr1ct1on factor formulae for fu]]y developed tur-
bulent flow (rough pipe reg1on),_both of\which are functions
of pipe diameter anly. Both groups aSsuﬁed an absolute.rough-‘
ness of 0. 0006 inch 1n the deve]opment of their approx1mate
formulae. | | . *

Moody's chart was emp]oyed (tn this 1nvest1gat1on) to
represent the hydrau]1c frfct1on factor for the follow1ng
reasons: _ | b

1. Main models A and B require that the fr1ct1on fac-
tor be a funct1on of relative roughness 1n ordei- to give an
estimate of abso]ute roughness of the tubing. - . N

"2. Flow of natura] gas in gas wells is usually turbu-
lent and fa]]s in e1ther the transition or rough p1pe reg1on
However, dur1ng "Back Pressure: Tests", ftow is more likely to
be in the- transitwon reg1on, especially at low flow rates.
Therefore, the Cullender and Smith fr1ct1on factor equat1on5‘
may not ho]d ' B |

3. Moady' s chart has been accepted as: app11cab1e to

pipes with relative: roughness of 0.0 - 0.05 , whlle the

_other formulae are app]lcable only for pipes with abso]ute

~

'roughness of 0. 0006 inch.

FRCE

o poe e
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]

- Overall Heat-Transfer Coefficient,

The heat-transfer fromvalflowing fluid through pipe to
the'surroundtngs over .a pipe segment

(dL) may be_expreééed
as: | ' ‘

"84 = -mDdou(r, - 1) (43)

For a compoéité cylindfical wéll.-the overail'heat-

- transfer coeff{cient (U) may be represented by $hree models:

] ! ‘ﬁ‘ \;. ‘ . ‘
1. Model Uy )
- . This modél can be found iﬂ’any heatexbansfer reference
(108). The model that applies to gasIWells ﬁaywbé'written as: -
D n In(D,/D ) s
] 1 . % 17741 1
"t ) (44)
U Ry "2 L, Ki-1,1 |
2. Model U: -~ | = o | T
This model was suggestéd by'D}anchuk and Qudn (109) -_'i"
Jfor gas well systems. 1t assumes a constant th rmal resisti-
vity of the surroundings, where o o e
, ' . o X
;! i“{ , L
TRotRY . (45)-
| U° ﬁ; - . 9]
~ : . g :
.3."Mode1 Usg: - R N

This model is proposed in this;studyvfpr_gas_ye]1:.i_ s
-trangfép;hbgffiéfiQ

R A R
- R TR

It assumeS'that'the'overélJ heat
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gl
.

ent is constant at some average vatue; that is,

‘ & 8 R¥** = constant (46)

Gas-Film'Heat-Transfer’toefficient N

As can be seen from the previous section, mode]s U] and
. Up require an estimate for the gas-film heat transfer co-
efficient, h;T‘ Such an estimate, in turn. requires an esti-

mate of the Stanton number

Many investigators have developed various models for
‘the Stanton numbgr. which is related to the gas fi}m heat-
- transfer coefficient by (1]0)

Stahton number,

X
>
o
-,
L
w
<+
u

o
1

- gas densitf. lbm/ftst

'<ﬁ3h¥“nean gas reiocity. ft/sec./ | . ,
isobaric heat: capacity. Btu/]bm °R. .

and cp

The Gowen and Smith (1171) model s considered ‘the most |
| sophistiqated in addition to being the best of all in repro- '”

ducing experimental data This mode] may be expressed as:

-

. " - .Asts'=,i—~—4—5x_ N | (48)_

-



where

¥
0.5 Co
X =,Frlﬂ . (49)
,fhé = Reynolds. number. Co
-Fr-# Prandtl number.. IR
Cop i .
“vx .(50)
f = friction factor . @‘ S - _ »\f*gﬂiA

29

-

5 = therma] conductivity, cal/cm ec. K.

viscosity, gm/sec. cm or poise'

n =
- e A o
Cp = lsobaric heat capacity, cal/gm mo]e K.
: . i .
M, =‘molecu]ar weight, gm/gm mo]e s
. | | | ! , 2

Therma] Conduct1v1ty,of Gas Mixtufes R

of Prandt] number. wh1oh. in “turn, is necessary for the cal-‘

Therma] conductiv1ty is required for the ca]cu]at%on -

culat1on of the Stanton number Thermal conductithy of:gas

m1xtures may be expressed as: - - “'; o N
P_. I ¢ ' 3 4:2. < . & . -
S . T
. - kmf=‘fm'f (km - km)’ R | (51)

- m
0
km

(k_<k°)

3

'thermal gonductivity of gas mixtures

therma] conductivity of gas ﬁﬁxtures at
one atmosphere. -

¢

= thermal conductivity'dépafture of gas

mixtures

w7

a €

A



& The Lindsay and'Bromley gene}alized equafion (112)

can be used for the estimat1on of the thermal conductivity

of gas m1xtures at .one. atmosphere. where

o ) (52)
kp = 52
L B |
Y \a . ‘
! ! “ . ‘ 0
0.75 : 51) 0-3)2 s,
{1+ N AR
Ayj = 0.25{ 1+ “—-gt— —s—|  (53)
B o (]+-€-)« —-"\\ ]+T
n .f-__';.;‘. L |
& : L
/ 1 . '
o —5—5___ o . . ‘\ s
'S{ ="the Sutherland-constanttfor ith component K.
u? = low pressure viscos1ty of 1tb éomgonent, c.p.
M, =‘mo]ecu1ar we1ght of ith component. gm/gm mole' W
it a
'T','¥-norma1 boiling po1nt temperature of 1th compon-
bﬁ ent, K. _ .

- k]

and,"ki‘i= thermal conductivity of ith component at one
’ : -,atmosphere, ca1/sec cm, K. -°- e

»

- The tbhrma1'conduct1vity of pure components at dhelﬁ

‘.
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R4

atmosphere can be represented as suggested by Misic and

‘Thodos (113, 114) where

For Hydroqarbons:

: : N .. ' » ‘ <
c® : 2 . , ' A
k= ——gi—-(14 527 -5.14)3; T 31 (56
i ) r, ’ ? r, = ,
10 Y; j i ‘ :
Ra
For Non-hydrocf?bons:‘
- 0078 | | (1.524-2.82_ )
° o | ” . i
ky = —g—| (1952, - 31.94)T +(16.83-82.5Z_ ) »
107y, i e , i
1T, <3 o . (57) -
R , |
and
- L |
o7 8y 2 . b
. ‘ ;i wi ) - .
Y; T ——f-—ZT—__: o o . (58) -, .
p 3

“with T, and P_ in degrees Ke1vin_and atmospheéres respect-
~ively. -~

The thermal conductivity departure can bé represented

=~

as suggested by Stiel and Thodos (115), where
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‘14.0'[E%p(0-534or) -4E:, - T

0.<0.5 (59)
10 oo e

| 8 T Pps
- 5 T30 Exp(’ﬂ'.ﬁ] p.): - 1.05{' : T

(k_-ke°)
. m m
Y Zc

- F - —3  0.5<p <2.0 " (60)
.- | 10%y z | = ,
c
2.976 Exp('l 155 o ) .2, ma |
s = ~ T 2.0<p.<2.8 . (61)
s o .
N » o o

Viscosity of Pure and Natura] Gases

& !

The v1scosity of natural. gases is ‘required for the
:~ca1culat1on of the Reyno]ds and Pranstk‘numbers ‘ Lt can beA
evaluated by means of the Lee, et al. cokfelation'(1465;>
where " | |
Vo

= K exp (X p")

= .
[

(9.4 % 0.02 M )75

Y .

&

I
N
F-9
.
F-2
L4 .
"
><

where ﬁm natural gas viscosity, micropoiseé.

'ﬁ'natura] gaé deﬁsity; gm/cms.

©
]
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T temperature, °R. - -

and M

W average mo]ecu]ar we1ght gm/gm mole.

They recommend that tne density be ca]culated'using the
| Standing and Katz compressibility factor correlation.

4' The vistosfty ofﬂﬁure compenents-at Jow pressure'is
needed for the ca]culatton'of thermal'conduetivity at low
pressure. It can be expressed by ueing the. modified rigid

interacting sphere model (117), where

‘ " . . B
p o =" | 1 . ' y .
_T*M,J]. 0.0026693 07—{2—- = , (.53)
. i Vv, e
. 1 .
,,. | ’ //// '/ - i B B _‘ .
= = 0.697 (¥+ 0.323 1a'T})  (118) (64).
. i
Vs - , - S
Vi - o o S
ug//:/niscoeity of ith component, c.p.
,///" * _ . T
) ' Ti'b'~ €5
T 'ﬁ'temnerature, K;,
€, = maximum energy of attract1on for Lennard Jones
: potent1a1, ergs. , .
K = Boltzmann constant, 1.3805 x 10~ -16 ergs/ K.

, and g = co]11s1on d1ameter for Lennard Jones potentia],
' : A. '

Valies of o and (——) are ava11ab]e 1n the 11terature

E 2]

(119 ]20) ,AlternaE.yely, the»St1e1 and Thodos‘emp1r1ca1



g

equations (121) may .be used. ,
If T < 1. 5'orvé 0 Reid and Sherwood (122) recommend

4
the mod1ficat1on of the value of u1 according togthe fo]]ow-
/ .
. ing re]ation

N
o -
Hy = ¥3 oz" - - (es)
Wro<2) o r =) vy |
ry ey (—);
. Vz

where “5 is. chosen arbitrarily_to'correspond to thatrat,'

T = 2, : : °

r. . N ) .

1 . . ' . - - . . ’ : ' =
IN

"Pseudocr1t1cal Propert1es of Natural Gases'

The gas compress1b111ty factor, 1ts partial der1vatives,'
:HEat capacity and therma] conductivity departure mode]s employ
lthe law of correspond1ng“states Consequent]y an estimate of

the pseudocr1t1ca] propert1es is necessary to ca]cu]ate the

- reduced pressure and temperature - These pseudocrit1cals may

be taken as - the mo]a] average ‘as sugge;ted by Kay (123) when
the gas compos1t1on 1s ava1]ab1e However when . the gagf”o?-

-p051t1on is’ not ava11ab1e and where the gas grav1ty (¢) is the

-only. known property of the gas, " the pseudocr1t1cals may be estij- _

.mated from the Brown, et al. corre]at1on (]24) Flores (125)1

. presented the corre]at1on 1n an algebra1c form as
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T =171.137 + 313.725 ¢ = - . - . (66).
P %.c. - S | : n

A

oPe. | = 695.100 - 40.000 ¢ ; & < 0.85  (67)

704396 - 51.724 ¢ ; c‘>'o;85f ~(68)

Carr, et.al. (126) have introduced correct1ons in. order to

. make this corre]ation applicable to sour natura] gases 1f

the mole fractions of Nz, ¢o," and H, S are known.: ‘Hence thef‘f3

.pseudocrltica]s of sour natural gases may be est1mated from:

pTe = PT¢H.c - 250 YNZ"-"BO'YCDQ + 130}{H23' - (69)

“and - hal S

pe TRl o Oy, 60 gyt eo0 o (70)
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Rhith respect to reduced pressure and temperatu

PRELIMINARY MODEL ATESTI'N_'G; o

The various algebraic expressions selected in -the pre~=

P

vious section to represent compressibility factor, tts~pare-

"’tial derivatives. isobaric heat capacity; friction factor,.

and viscosity were tested by comparing with experimental

data or correlations available in the literature They

results of these tests are presented in this section

Compressibility Factor of Natural Gases \ -f’- »i}'

. Table 1 presents a comparispn of the compressibility ;»

factor model as expressed by Equation 23 with 1350 experi- U

mental data points (127 128 129) These experimental data

are for sweet as well as ‘sour natural gases with up to 73 85%

*

Partial Derivatives of Compressibility Factor 1"

\

‘The partial derivatives of the. compressi:rlqty'fsctor RN

e were coms e

: :pared to values determined graphically This was achieved “f*fi

by u51ng experimental compressibility factors (l30 l3l)

’ ~First, a few isobars and isotherms were plotted then the

"-slopes of these curves at specific P and T were calculated

Finally these results were’ com#areﬁ"to the partial deriva-

tives estimated by the algeﬁraic expressions It Mas found

',7 E B .
B
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‘that Equation 25 gives an average absolute deviation of 5 84
per. cent when compared with 5 points, while Equation 26

deviates by 1.96 per cent when compared with l6 points

0»‘54‘ .

Isobaric Heat Capacity of Natural Gases -

;
!

1. Ideal Isobaric'Heat*Capacity' | |
R The 1sobaric heat capacity of sweet natura] ‘gases
'vywhich have no nitrogen may be represented by Equation 32 as
suggested in Model Development._ This is an equation of a
family of straight lines, the slopes and 1ntercepts(of which
%ﬁre functions of the gas gravity | ‘

o To test the model represented by Equation 32, the com-

pOSitions Bf 72 gases were collected from the literature and ]
the equivalent ﬂbre hydrocarbon comp051tions were calculated
.‘Equations 30 and 3l were then emp}oyed to calculate the

ideal isobaric heat capaCities over a temperature range of
30 "t 300°F at lO°F intervals, thus jmoducing 20l6 data
- points. Data pOints for ‘each’ gas mixture,were plotted as
shown . in Figure l Each gas mixtdre shﬁwed a straight line

. R
relationship expressed by Equation 32:

= A(g) ;+7;B(G)T,' T (32)
~Myc. “f;,‘ ¥ SRR AT

A(G) and B(G) were found to be adequately represented by
means of second degree polynomials in G as shown in Fig-

ure 2 that is,:,' B S o ;;A_;::(
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"' FIGURE 1. IDEAL ISOBARIC HEAT CAPACITY

_OF NATURAL GASES
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Ala) = By + Byg+ Byg? ()
and '. k\ | ‘ . -
- B(6) = By + Bga + BgeP L A(72)

Q.

" The. coefficients in Equations 71 and 72 were obtained by

minimizing the sum of squares of errors in A{g¢)- anﬁ“BIG)
respectively. These coefficients (wi]] be referred to as -

the set of coefficients No. 0) are:

B] = 5.596695 B, -2,233480 B3 0.807265

By = -1.003900 "B, = 3.147500 By = 5.758700
| | .‘
Equations 32, 71 and 72 give an average absolute dev1a-

tion of 0.079 per cent and a standard deviation of 0.00119

_ whene T = temperature, °R.

with respect to the 2016 data points used to determine the

coefficients

Studying ‘the functiona] forms of Equat ons 34 through '_:-

-'36 1ndiv1dua41y showed that they canp be expressed as:

he] .
”~ ~

_ Fco2 =1+ YCOZ (37 + BgT) S (73)
. A '
A _ | o SO
and ' ’ ' '
. 2 _
Fy =1+ (B + B )+ (B Yo )T (75)
,.Nzﬁy ]1 N2 12 N ]3 N2 14 Na;- o



L deviation of 0 629 per cent and standard d

S

'2; ”Heat'Capacity Departure:

42

fhe coefficients B7 thnough‘B]4 were obtained by mini-

miZing the sum of squares of errors in CB (as expressed
m : S
by - Equation 33) and were found to be;

B, = 0.4258600 ‘58 = 1.24323 x 1073 g, s -0.0405600
. , s | | ’ Q
3 -3 . i .= - -
B . '\)
. . ' _3 . . » . -3 ' ~
‘B~l3 . o‘ 97570‘ X ]/0‘ ‘ 'B'l4 20 7082]7 X ]0-_ . . . I

L
- i
-

Equations 33, 73, 74, and 75 give an average absolute
i3 on of~0.00989

used to determine the co-

v

with respect to 20]6 data po
efficients 87 through Byg- o ' ,rf’///ﬂ ) >
atjons 32, 71, and 72 are applicab]e ovéa a tempera-

ture range of 30 300°F to sweet natural gas- which h has no &

nitrogen - The same: equations can be. ted over a broader.

temperature range,,however, it i recommended‘that'other sets

of coefficients depending '; temperature range of operation
be used. The quality of fit of the new sets of . coeffic1entsﬁ

is shown 1n Tab]e 2.

-

1

The heat capacity departure mode] as expressed by Equa-lxvf

tion 37 was compared with the tabu]ated weiss and Joffe’“\

", generalized correlation (132) The mode] gives an average

o

. Faus
3

‘absolute deviation of 5.91 per cent when c0mpared with 150

p01nts -
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S

Tables 3 and 4 present compar1sons of the var1ous heat

capacity depérture corre]at1ons and the proposed genera11zed

e

corre]ation as expressed By fqua ion 37 with the experiment-
a] data of WOrkman (133). Krase i}md.Mackey (134) Tab]e 5
presents comparisons of Equation 37 and the various (Cp - C;)
genera]1zed corre]at:ons with that of Weiss and Joffe.

.ETable 6 present compar1sons of Equat1on 37 w1th\\he_gxﬁgr1-.

- mental da ;@of Sage, et al. (135) for two natural _gases. It-

=also pres'htsthe effect of any errors 1n (C -nCp) on the

[S

isobar1c heat capac1ty (C )

The Hydraul1c Fr1ct1on Factor w;" .

TabTe 7 presents compar1sons between the values of
fr1ct1onyfactors as suggested by Moody (136) and Cullender .
and Sm1th (137) This compar1son is carried out for the

'same 12 test po1nts used’ to test main modeJs AA and BB.

~ Viscosity of Natura] Gases B

‘ The Lee, et a] v1scos1ty correlation (138) was tested
':w1th the1r 111 v1scos1ty data po1nts Th1s correlat1on g1ves
"an average abso]ute deviation of 3 71 per cent from experi-

mental data and- a standard dev1at1on of 0. 052527 .~ The maxi- .

“mum dev1at1on encountered 1s 16. 38 per cent
IJ "
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- | TABLES e

COMPARISON OF EQUATION 37 AND OTHER (C - C”) GENERALIZED
CORRELATIONS WITH THE WEISS AND - JOFFE CORRELATION

% Deviation from the Weis® and Joffe Values

Correlation =10 1.2 5 2.5

.}

Hougen and watson 59 to 62 26 to 55 33 to 64 43'to 63 -

Edm1ster C 11 to 37 -1 to -11 -4 to -8 -22 to -23

Lydersen,;et'alff -9 te 35 5 to 20 -6] to 20 30 to -108
Shérwqod o 'ﬂ§‘i0‘35 1 to 35 -25 to 5 8 to 66
‘Equation 37 -« -6 to 6_ -J?ito 0 ?4 to -13

* OQutside the range of correlation.

T el L . - - ry
-~ @ A e ewl L.



TABLE §

STIMATED BY EQUATION 37. WITH THE SAGE, et al.

COMPARISON OF (c, - co) €

EXPERIMENTAL VALUES FOR TWO NATURAL GASES

Temperature, °F

250

130 -

70

310

190 .

o

, oLeo

x'Oteo d
(02-70) Ul Jdouauy g

*dxa -
(3-99) |

sleay -
D UL J04u3 %

*aled 4, .
Y (fo-da)'us 10447 3

' 'dxé, Do
(fo-do)

‘s e , .
1 J . ulL 40ud3 ¢

"J(es I
) (32-99) ur wouaz g
. | A'dxa
L (ﬂafda)

*a(ed .
J Ul do0uu3 g

‘aes . -
* ($9-99) ur wouuy g
-dxa .\"1
' (fo-do)

'3[n»d ) ,
_ YUl doday g
AT 2 - »

lod-73) UL aouua3. z |

“dxa , .
d -d
: (.ou" 3)

‘ol

(elsd) aunssauq

J ul Jouualg ¢

"Natural-Gas A

Natural Gas B

5
1
5

-0.
-1.
-1.

-29.8
8
-23.5

0.2124
0.4328 -29.

5
.9
2

0 -0.
5 -Q.
-18.9 -1.

1 0.2445 -22.
0.4929 -20.
0.7414

-0.5 -
-0.6

-10.5 -0.3
&)

0.28035

0.5731
0.8816

o X X0

O3 M

P~ ey
= L W0
(000 )
MWD

O

200
400
663

0.6492

by using Equation‘37, Btu/ib mole.°R.

48




49

"ysuL 9000"

0 40 ssouySnou
| SuollLpuod ajoy-wozjoq

anjosqe

S93RILPUL 4+
S33RILpUL §

SU0 L3 Lpuod vﬂwzb__m; S83824puU} K BaByM

t

5b°2- L1 2- 189E10°0  ¥Z0V10°0.  S86€10°0 = //9°'¢ 6L2'p mmm.wﬁ. a
bS'2-  9z°- 189EL0T0  LE0YLOO  £66EL0°0  SIS'E . 904 z96-sL 9
1672- . gL°z- 189E10°0 660100 S90v10'0  088°Z -g0z'e 2s6°s1  Ug.
v e- 8le- 18981070 S9L¥L0'0  CLEL®LO‘O vlv'z e89tz zsetste fg
€Lt~ §6°¢- ~ I89EL0°0  0/2¥1l0°D CEVZPLOTO 906 910°2 2§6°SL . Nﬁ
§9°G- [§°s- L89€L0°0  00S¥L0°0- Lyv10°0 ~ 982°L  92e'l.  266°G) - lg
¥S°€E- og'g- 6LEFLO'0 - §v8710°0 £08Y10°0  €/9°L . 918"t '\ 8L07EL Sy
19°g- Ly e- 6LEVLO"0  ©98#10°0  528%10°0. 809" .¢¢N.~..//@Pm.m—, Sy
8E " G- ZL7s- 6LlEVLO'0  EELS10°0  160510°0 . 260°L ooL't . sgLocer Yy
26°9- 99°9- GLEVLO'O  €8ESLO'0  OVESLO'O 19770 86L°0 ; 810°¢l S By
00°6-. 9,8~ BLEVLO'0  SE/SL0°0  £69510°0 e¥S°0 . €950  gl0'el %y
LS"vl- 9epL- 6LEYLOTO0  6v/910°0 619100  §/2°0 08z°0  gloeL . ly

s n Y3 lus pue S " s - M (g0L) * 3uioq.
L dapuajny . T . =389
s, Apooy wouay sanjep , : +>voo: AWQFV amx S
Yliws pue. uapuapiny
40 uoLjetasag ¢ d03004 UuoL3oLu4 : .mm .
- o - T (i -

SYO0LOY4 NOTLOT¥4 HLIWS ONY ¥3ONITIND NV AGOOK 3HL NIIMLIE SNOSINVAHO -

fi ¥

"L 378vYl



) DATA AND RESULTS

v T .
. - | |

Back Pressure Data - |

7 Back pressuréfdata“were used to test main models AA.

','and'Bé. The test consists of 12 test-points taken from. four
:back pressure tests for three natura] gas we]]s Tahie 8
presents a summary of these data "The Pressure and tempera-

ture data are shown in Tab]e 9 ‘ Append1x F is a tabu]at1on .

;‘of the source data and gas properties upon which this study

was based .

"

Accuracy o Field Data -~ - \

1. Flow Rate: i‘ e )
The flow. rate was- measured us1ng elther cr1t1ca1 f]ow
\provers or orifice. meters, and was reported at’the standard
condit1ons of 14,65 ps1a and 60 F. The accuracy of thelflow‘

‘ measur1ng devices is not ava11ab1e

2. Length of Tub1ng B " ; o

The reported va]ues of length of tub1ng are those from“
Ke]ly Bush1ng (K B.) to the- m1d p01nt of perforat1ens
(M P.P, ). The depth, at which the pressure measuring dev1ce‘
was located 1s not stated The length of tubwng of 1nterest‘f:

_1n th1s study is that between the well head and the bottom-g"

* .
ho]e pressure measur1ng dev1ce ‘ Th]s maygbe d1fferent3from
. o ‘g : o : . I :
.;( .

50 -
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TABLE 8

SUMMARY"OF FIELD DATA -

11029

Length of Flow Strimgy ft. = 4753 _
‘Flow'Rate,‘MMSCF/Day S0 . 0.833 - 17.359
'?Gas/Condensate Ratio, MMSCF/bb] o 0.208 - «
Tubing Head Temperature, °F T a7
-rBottom Hole Temperature;.°F - _Jﬁ;» o 115 - 246
Tubing-Head Pressire, PSIA 985 - 3250
Bottom-Ho]e Pressure, PSIA;. B ) | 1104 - 4250
| Mater/Gas Raffo, bbi/MMSCF 00 - 52
"‘Ycoza % mole _ ;\~j S - q;ss - 'e;se
Vhyse Emole B o oo -*13:89
YNZ, % mole - o | ’ .l“,05_ - 4.56
- o
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53
'the'valuesVreported in Appendix.F for length of tubing.

3. Pressure Data:

| The tub1ng head pressure was measured with a dead
welght gauge or a Barton gauge. -The bottom hole pressure
‘was measured with an Amerada, tester’ type gauge, or the
éperry Sun gauge. The accuracy of these pressure devaces
s shown in Tab]e 10 (139) - The accuracy of the pressure

' data. is presented in Table 11.

TABLE 10

“ACCURACY OF PRESSURE MEASURING DEVICES-
: . ' -

Measuring Devices‘ | _ Accuracy, % oﬁ;Rated PreSsure
Dead Weight Gauge : - $0.0

. - Barfon Gauge - . o :10L5* to + 0.75**

. Sperry SunvGaugef»' : ' S +0.1 . .
Amerada or' Tester Type Gauge - o 19,2*7to + 0,25%*

* For r@ted pressure less than or, equal to 2000 psi.
** For rated ‘pressure greater than 2000 p51 _ .o

Results o _ _ _
Computer FORTRAN programs were wr1tten for. ma1n mode]s .
| AA and BB (method 2) and methods 1, 3, and 4 .

- Table 12 presents compar1sons.betweenhthe‘measured and

-
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calculated flowing bottom-hole pressures tbr all test- ppdnts;
The test- points are presented in order of i creasing flow
rate, Tab1e 13 presents the deviations of the caTEu]ated _
from the measured flowing bottom hole pressures, while. Tab]e

14 exh1b1ts the per cent deviatipns of the ‘calculated frgp A
“the measured prgssure drops " Table 15 presents the various

flowing bottom hole pressures calcu]ated by main models- AA

and BB
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DISCUSSION
Cempressib111ty Factor ‘of Natura] Gases \ -

The natural gas compressib111ty factor model as
expressed by Equatlon 23, which is an equat1on of state, can
predict Z with an average dev1at10n of '1.013 per cent from

expérimental data as shown in Table 1 Such accuracy 1s

- cons1dered acceptab]e for engineering app]icat1ons

v

' Partial Derivatives of Compressibi]1ty Factor ' S

.

The partia] der1vatives of the gas compress1bility

factor may be Eh]culated by employfng a numer1ca1 scheme or

by using Equatlons 25 and 26. However, a.numerical techn1que=‘v

is cumbersome and.costly These equations are expected to

WOrk well since they were der1ved from an equat1on of state,

Equat1on 23, Rob1nson (140) states that the B-W-R equation

of state gives good\bred1ct10ns for the part1a1 der1vat1ves

B

‘o?’compress1b111ty factor. o }

"(\.‘ . : -~

f Isoﬁaric-Heat Capacity of’NatUra] Gases = .

5 . . -’

1

1Y Ideal ISobaﬁfc Heat Capacfty- . Co : s

The proposed model for 1dea] 1sobar1c heat capac1ty

sof natural gases as expressed by Equat1ons 32 71, and 72
~g1ves excel]ent resu?ts.AS was shown ear]1er 1n Pre]1minary

. -
Mode] Testlng HoweVer, it is limited in 1ts app11cat1on @o

& Y
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=3 - R '
a specific tempf*ature range and natural gases wh1ch consist
-of pure hyd;b bons Furthermore, it requires that the
hydrocarbo s mixtures be rich 1n methane
| : The 1deal 1sobar1c heat capacity of sweet natura] gas
may be expressed. by the a:e equpiions over~a wider :ange
of temperature, hbwever, neu. 4 of'%oeffic1ents. B,
through BG’ should be used e set of coeff1c1ents No. 1
covers the range of - temperature of 80 < T < 1160° F, wh11e
“the set of. cogfflcientz No 2 covers the range of tempera-.
ture of l] 0 < T« 2240 'F. The- temperature of. ]160 F. was -
-chosen 1n a Way that Jae standard dev1ation g1ven by thé;b
model 1s almost the same when e1ther set. is used over ijts
‘ range as may be seen from Tab]e 2 _ ’ .
It should be noted that the psgudoreduced temperature
term appear1ng in Equat1on 32 1s def!ned as —T— The pseudo-~
'S;fr1t1ca1‘temperature, pTc.‘should be ca]cu]aged uszng the
molal average not Equations 66 and 69, - However if the gas
comp051taon is net ava1]ab1e Equat1ons 66 and 69 may be used o
but higher® errors should be expected
» Both sets of coeff1c1ents No. 1 and 2 were'obtained
'by“employing theAThdnh,'et‘al: equations_(]}]) 1nuobtainingm
| the'data-points} These.sets of'coefticients coqu be used |
with Equations>32, 71, and 72 for naturai gases pperating at
high temperatures. | | | k

\:Equations‘33 73 74 and415 wq'e deve]oped to take B
"

inkeo account the effect of presence of N,, CO » and H S e
‘;;’ 2 2 2 %ég
T e correct1on equatlons g1ve good results as was- 1nd1cated
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/
/

_earlier inﬁ?re]imtnary Model Testing; however, their use is

subject to the fol]owing restrictions.

i. 32 < T < 300°F o e

i1, 0.0 szs 5,0.40 mole fraction

i 0.0 < YCOQTé*O 20 mole fraction

iv. IO”d S‘YNZ < 0. 25_mole fract1on ' i

. V. They. m;y bhly be app11ed when the set of coeffmé?ents
No. &ﬂis used in Equat1ons. 3;, 71, and 72.

7, v

1, . s '.,
VoL et

? | » ‘E. IS N o
2. -Heat Capac1ty Deﬁartﬁre» ”“Wﬁ% |
"The proposed heat capacity departure mode] as expressed

by ﬂhﬁat1on 37 was compared with the Ne1ss and Joffe (142) ?‘

geneillized correlation as shown in Tab]e 5. When the var1ous
@

(cC -Cp) generalized correlat1ons (143,144) were compared with:
the Weiss and Joffe correlatlon, the proposed model gave the
lleast dev1at1on as shown. in Tab]e 5 Th1s is probab]y due to
the fact that both correlat1oQ§ use the B- w R equat1o% of state
The weiss and Joffe cg@@flation was deve]oped fo¢ pure

hydrocarbans, then used to es 1mate the heat capac1ty dzpar-_

ture“of oxygen and n1trogen It gave acceptable results and
WY L

,ﬁ”‘as a resu]t was cons1dered as a generallzed correlatiaﬂ~ﬂ 39
" ,‘g ’ '

(145).ﬁ In a s1m1]ar manner the proposed heat capac1ty depar- —

ture model- was deve]oped from an equation. of state wh1ch "V:Q

‘* »

descr1bes the volumetric behavfor of sweetfnaturaﬁ gases,
Equat1on 23 then was tested i@ compar1ng with' thelexperi-
menta1 data of workman (146), Krase and Mackey’?147) for

oxygen and=§1trOgen Th1s mode] g1ves sat1sfactory agreement ;

"‘.-9 . : o )



with experimental.data as shown in Tables 3 and 4. This ' °
check uaS'performed“Wﬁ orde to.extend ‘the app]tcability of
the proposed model to non- hydrocarbon gases and thus to |
sour natural gases, ' '

The various comparisohs and tests performed on the '

proposed model suggest thatfit could be-used as a-genera-

Tized correlat1on\\_r heat capacity departure This is in

spite of the fact that the coeff1c1ents of Equation 37 were.

or1glna]ly ‘developed us1ng on]y sweet natura] gas compress-'

¥ , ,. -

1b111ty factor data.

vy,

It shou]d be: mentioned that a]though errors in (C - C°)

P

‘may ‘at t1mes be large, the effect on overa]] accuracy of Cp

1s usua]]y much sma]]er Since ‘the va]ue of. Cp ts the quan-
- C°

-
t1ty desired," it is the error’in €“~ ;

. ance hot7the error in (Cp - c°) . (]48) as’ shown’ 1n Table 6

?_ The Hydraulic Friction~Factor.

p~,“ J
"The proposed (Cp - C ) genera]1zed correlat1on has an

advantage over the others in that it is adaptab]e to computer'

usage.’ R ‘
.‘\ * N . . ', l,’
SN |

The fr1ct1on factor in the rough p1pe reg]on 1s repre-"'

‘sented by the Von Karman formu]a Co1ebnook (149) der1ved an

approx1mat1on ‘for the fr1ct1on factor in th1s reg1on when

'the absolute roughness of pipe is known. -The friction factor

equat1ons suggested by Cu]]ender and Sm1th (150) are but the

Co]ebrook.approximat1on when the absolute roughness,1s 0.0006

. ~ - S
inch.

) which is of 1mport-

¢
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Overa]l Heat TrgnsferLCoeff1c1ent

2o 64

The assumption of fu]]y deve]oped turbu]ent flow of
gas through tubing may be in error - As for example, for the

12 test- -points used in testing main mode]s AA~and BB. flow

- 'Wwas "1n the trans1t1on zone as the compar1son between Reyno]ds'

number (R ) and the boundary Reynolds number (Rg )

1n Tab]e 7 may 1nd1cate As a resu]t the Cu]]enger and
Sm1th eguat1ons, wh1ch employ the assumpt1on of ful]y ‘turbu-
lent f]ow, ‘may give errors in fr1ct1on factors estwmated

rang1ng from 2 17 to -14 51 per cent as shown in Tab]e 7.

é
z

éfsa, :

Th]S order of error. may produce errors of -7. 9 to -0. 2 ps1
in the calculated flow1ng bottom- ho]e pressure as the com-
par1son between methods 3 and 4 in Table 12 may 1ndicate

o o £

only at several po1nts, the res1stance to heat f10w witl

'~severa1 factors such as: the presence of more than one set

In the- deve?opment of the U, model 1t was assumed that '

- ;the var1ous so]1d layers were t1ght1y f1tted together wwth

no 1nterven1ng "aip spaces" If the layers touch each other‘

1ncrease remarkab]y (151) #&Th1s suggests that ‘the therma]

vre51stance of the surround1ngs in gas wel] systems w111 have

a comparat1ve1y large value due to the presence of the annu-

]ar Space. o T Le S o &

o In shal]ow gas wells where there ex1sts one set of

cas1ng on]y, the compos1te cy]1ndr1ca1 wa]] cons1sts of tub-

1ng, annu]ar space, casing. and cement In deep we]]s the

‘geometry of the composite wa]] is so: comp]1cated due to .
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of ca51ng, eccentr1c1ty of both tub1ng and casing sets,

lack of cement at some sections, 1nev1tab]e reduct1owb1n

well d1ameter as dr11]1ng advances, caving at some shale

sect1ons and‘enJargement at others, presence of i]uid such

as water in contact with e1ther cas1nq or cement at some

unknown sect1ons a]ong the we]] course, corros1on, etc. op

o

Due to such comp]ex1ty and Tack of 1nformat1on, 1t 1s rea-

sonable to assume that the system has an average therma]

res1stance R*, which will. be determ1ned by a tr1aT and- .

er?or procedure Furthermore, this: comp]ex1ty and lack of

1nformat1on show 1t is not poss1b1e to emp]oy mode1 U]

)

gas well systems

In model U2, the term F_ is. usuaT]y Sma11 s<Costly
to compute, and of the order of 1 to 5 per® cent of R*, }
This suggests that mode1 U3 is preferable to U2 s1nce it

requires cons1derably less comput1ng time, and does not

laffect the f1na1 resu]ts

1. ,ﬁéganton Number: B ' ]

Comparison of.the values of the‘Stanton number esti-

L

mated using the various modeijs 1nd1cates that there is 11t-

tle d1fference for 1ow Prandt] Number fluids 11ke air (152).
However, the best express1on that reprodué@s experimental

data 1s that of Cowen and Sm1th (153) The re11ab111ty of

. this mode] 1n pred1ct1ng the Stanton numer 11es in an

1mp|1c1t assumpt1on that the fr1ct1on factor and hence the

'equ1va1ent sand re]at1ve roughness (—~) comp]etelv charac-

ter1zes the effect of roughness on temperabure prof11e
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2. Prandt] Number of Natural Gases:

The Prandtl number, which is necessary to calculate

. the Stanton number, is defined as in Equat1on 50. For a

' gas mixture, 1t is recommended that the Prandt] number be
ca1cu]ated us1ng Equat1on 50; however,"the var1ous terms -

‘appear1ng in the def1n1t1on should be est1mated separately

(15%{>

'Thermal Conductivity of Gas Mixturés .

v

Equat1on 56 applies to paraffins g1v1ng an average
,dev1at1on of 2.6 per cent from the exper1menta1 data (155),
'wh11e Equat1on 57 app11es to non hydrocarbons g1v1ng an aver-
- age dev1at1on of 2.2 per cent from the experimentga] data ;

(156).. ;&he Suther]and constant est1mated from boi‘1ng point -
'temperature as, expressed by Equat1on 54 may not' be. reliab]e,.

however,‘an error of 20 per cent in the Sutherland constant
1'produces on]y an error of 1 per cent in, the,est1mated gas |

mixture therma] conduct1v1ty at atmosph’r1c pressure (157).

Hence the s1mp11f1cat1on 1ntroduced by Equation 54 (due to

‘ necess1ty) 1s Just1f1ed o f‘ . j- -

| Equations 59, 60, and 61 for the estimation of the
'thermaI'conductivity departure, are usua11y7app1tcab1e to
A'pure non-polar gases. However,; Reid-and Sherwood (158) have

—

recommended the use of these equat1ons for gas m1xtures
Their recommendat1on was based on an assumption that a gas
- mixture can be cons1dered _as %hypothetma] pure -gas w1th

pseudocr1t1ca1 properties. - This suggestqon has_been accepted

™
"
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-because.few experimentaJ data-f&r thermal conductivity of
<highspressure gas mixtures‘are available,
| The gas” m1xture thermal conductiv1ty mode] is expected
"to g1ve errors of 1ess than 5 per cent for simple non- po]ar
gas m1xtures for T <.1.3. "The same mode] may be used for
po]ar and non- po]arpolyatom1c gas m1xtures but larger errors

- ﬁay occur-.(159). " Q‘

Viscosity of Pure and Natura] GaSes

Equat n-63 was origina]]y deve]oped for monatomic
gasesﬁ However, it 7s found to be remarkab]y good for po]y-
atomic gases as well (160). '
| Equaticon 64 is an approx1mat10n for thF co111s1on
1ntegra1 function, Qv’ for non-polar aases It deviates.1' .
to 2 per cent from the tabulated funct1on (161) It may a]so
be . app]1ed to po]f%?gases however, errors up to- 2 per cent |
may occur (162) + The collision 1ntegra1 funct1on is regu1red.'
for the estwmat1on of pure gas v1sc051t1es at atmospher1c
pressure as q1ven by Equat1on 53. -~ - ,

The Lee, et al. corre]at1on (163) for calcu]at1ng the
v1scos1ty of sweet natura] gases g1ves _errors rang1no from
-11.05 to +16.38 per cent from the1r exper1menta1 data. 'The
presence of N2, C02, and HZS tends to 1ncrease the v1scos1ty
“fof natura] gases-(164) As a result the Lee, et a1, corre]a-:j
‘twon may give . errors larger or sma]]er than those ment1oned

. when app]1ed to sour natura] gases. - =~
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g F]omng Bottom Hole Pressure ' ?
" As may be seen from Tables 12 and 13, method 1. a]ways

underest1mates the bottom-hole pressure Methods 2 and 4

'»underestlmate 11 of 12 test-points, wh11e method 3 underest1-
mates 9 of 12 test -points. It can a}so.be seen that method C
-3 deviates the least from the measured bottqm—hole pressure |
for 10 of 12 test;points' _y | T |

‘Table 14 1nd1cates that methods 2 3, and:4estima§§

ppressure drops for test -points A2, A3, A4,'B],'C,”and D with

o

~accuracy comparab]e to those of the measured vaers - The
’ . .w :
various. methods est1mate f]owang bottom ho1e pressures in

‘excellent agreement w1th the’ measured values for test- po1nts
‘ A4, c, and D as shown.1n T;b]e 14. Th1s is probah]y due to tﬁé/
us1ng accurate surface pressure gauges (Dead Weight Gauges) ’
in test points C and D. | | '
The analysis of Table 14hexhibitsawhat'may be a'systee
- matic error fn the calculated hottom-ho1e pre}sure as‘the»

hflow.rate‘inCreases as is~shown in Figure 3. This’behavior
may exp]a1n the exce]lent agreement of the var1ous methods‘
w1th test po1nt A4 iﬂ ‘

F1gure 4 shows exam%)es of- est1mated (methods 1 and 2)
and as ed’ (methods 3 and 4) temperature prof11es It shows
AthJ;’tizmt1u1d temperature at every depth is decreas1ng 1n ’
the following order: methods 1, 2, and either 3 or. 4., 1t a

?gcanpa]so be seen that the fluid temperature 1s a]ways great—

’ eﬁgﬁhan or equa] to the earth temperature Th1s suggestsv

e

’%’,
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that in these examples heat is being transferred fro@ the

| flowing f]uid to the.surroundings FurthermorE, it SUQ-

gests that methods 3 and 4 are equ1va1ent to a hypothetica]

case where heat transfer is such as to br1nq the fluid

‘temperature prof11e to a stra1ght line. watx&*

The ana1y51s of Tab]e 12 1nd1cates that for any testa

p01nt, method 1 pred1cts the 1owest f10w1ng bottom ho]e'

pressure fo]]owed by methods 2, 4, and f1na1]y method 3.

This behav1or 1s consistent in a11 test- po1nts for methods 1,

2, and 3. However at three test- po1nts, name]y A5,'A6, and

N

D,_methods Z'and 4 sw1tch pos1t1ons Th1s may be- due to theﬂ,

use of the Cu]]ender and Sm1th fr1ct1on factor equat1ons
(wh1ch dev1ate from the Von Karman rough p1pe 1aw by -0 04%
-0.04%, -0.41% for test- po1nts A5, AS’ and D_respect1ve1y)

in method'4 I A . | e

!

S o e 3 s l s ‘ .. ‘ /.\""‘;’ )

.Bottom Ho]e Pressures

1. —a& Ex1stence of Two Phase Flow

Reasons for Dev1at1ons of_Ca]cu]ated from Measured
-This d1screpancy between measured flow1ng bottom holes

pressures. and tho;é ca1cu1ated by method 2 may be attributed

L~

to a comb1nat1on of the ﬁ01]6w1ng factors o W~A

<

A.'

The presence of condensate in- thé flowwng gas has

been dea]t w1th accord1ng to- 9tand1ng (165) when the gas/

condensate ratxo s greater than 40 000 SCF/bbl " He' suggests

A % .



and g

.-
|

that ‘the grav1ty of the f]ow1ng stream (G ") be usod in-

stead'of that of dry..gas (G) accord1ng to: ','7 . vr
S (71)
an‘,‘ .'vé‘" . h ‘»}d
 where " ';R'-\'= Gas/Condens Ratio, SCF/bbl I

PRRA e f}

cond = dens1ty of condensate, gm/cm . R

@
The pseudoor1t1ca] pressure ahd perature of the $1ow1ng :
stream may then be est1mat§d us1ng Gf o ’ B
This method of dealiny Wlthﬂ%wo phase flow does not

accodht for the effect of the 11qu1d phase presence dh the
oy,

1sobar1c heat capac1ty, V1scos1ty, therma]&conduct1v1tym

~

and fr1ct10n factor o B _ coL
'\") ' .‘y _ N Q..\ = ‘0 -:.

IX)

2. The Presence o#uwater Vapor 1n the’Flow1n§ F]uld

The presence of water‘vapor 1n,the f]oW1ng stream has not
¢

.'been'\ccounted for A]thougk the water/gas rat1o 1s small (1. 5

bb]/MMSCF) except for test- po1nt C (5 2 bb]/MMSCF), water 1s

h1gh1y po]ar and as a result the behav1or of the water gas m1x-'

—%ture system may dev1ate from the 1aw of corrd&pond1ng states

This behav1oun“may not hé estlmated accurate]y by the correJa-1

t1ons emp]oyed and as a. resu]t errors 1n tﬁe est1mated pres—

W«

o

‘» sure may be 1ntroduced however, 1t 1s surpr1sing to f1nd that<h

"3, Weﬂl Bore BeV1¢t1on from Vert1ca] e =

test po1at c 1s 1n very good agreemeS% for the” var1ous methods

) . R A N . s -

o 4

Due to lack of 1nformat1on to the contrary a]l ca]cu]a-:.

s . ) S . N ;

\

& "
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. where = R

' 2. The Presence of Water Vaporo1n tge ]ow1ng F1u1d*

' gE L e
.nthat the grav1typof the ﬁ%QW1ng stream (q%) be usad iﬂ-:fi
o stead of that ofg%r% gas (G) accord1ng to: LN e Jd

. o . . ‘ Cond \ . ‘.!L.Nj.'.
T R ) “‘T"« A

i

Gas/Condensate Rat1o, SCF/bb]
/

A g = ; . T . ’ . N B
and pcond dens1ty of condensate,.gm/cm L N

The pseudocr1t1cal pressure and temperature of the$f10w1ng J»&

stream may. then be est1m. dxus?ng,cf.,; | - fﬁf | )
Th1s method of de ’ w1th two*phase flow does not - e
accouht for-the effect1 ' id phase pnesmnce om the: :
heat capacity,“v“lscomt)g.h-e:rma] ‘C,\OT}dL_lL'tl_V"lty, )
’and fr1ct16n factoru. ﬁcﬂfdni ~ J*?ﬂf‘ ” t.}l“o{iwdw ojt: 
. Lo I U RV g ff;*? L - -

- The presence of water vappr 1n the f10w1ng si@eam has not

lbeen accounted for Although the water/gas rat1o 1s small (1 5‘

bb]/MMSCF) except fpr test po1nt C (5 2 bb]/MMSCF), water is

3. Ne]] Bore Dev1at10n from. Vert1ca1 / i"' L . V‘xl_@;

hdgh]y polar and: as a resu]t the behavior of the water gas m1x-

A

tpre system may dev1ate from the, ]aw of correspond1qg states

‘JTh1s behav1our may not be est1mated accurate]y by the corre]a--’lg

t1ons emp]oyed and as a resu]t errors in the est1mated pres-' § :

¢

’sure may.: be 1ntroduced However, 1t is. surpr1s1ng to f1nd that

i test po1nt C is in very goo agreement for the'varlous methods.

#’ v v S S

-

Due to 1ack of 1nformat1on to the contrary a]] ca]cu]a- _ \iﬂ
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35'&5- Uncerta1nty of the Length of Flow Str1ng‘

‘{tat the m1d po1nt of- perforat1ons (MPP) It is not. known

,sign1f1cant espec1a11y at relatfve]y low Reyno]ds number

: to 4he mid- p01nt of- pérforatﬁons, method 2 tends to Under-—wm'57

w. R 4
. ;o . . " .

) WY 5
& ‘ B : .".' N t
- .

[

' tionSOJ f]ow1ng bottom ho]e pressure were made assum1ng

'that th tublng was situated in. the vert1ca] po$it10n How-l.

-ever,.ln pract1ce well bore anqstherefOre tubing segments :
may deviate: from the vertica1 as is shown 1n F1gure 5, -~ Such vf‘%
jdév1ations may resu]t in a di:rease 1n pressure drop, in ) '“fj

wh1ch .case the calcuTated f1éW1ng bottom ho]e pressure may

.f,show positive dev1at1ons | ?~”v“ S 'Zgg S
P .”f'Q “ku L &s . ?@t ? f. T :‘/‘,r'lf ,’ﬂ
g .wi ?yljﬁljab]e Est1mates of the V1scgsaty of Sour G@g/ t";é?"

‘&?The presence of apprec1ab1e amounts of CO?; ﬁg-~an§§ 9; ‘
, vl -
Ha51tenqs to increase the vf;cosqty of hydrocarbgn;mixthres -

~

-

=

P

(167) The Lee, et a] (]68) v1sc051ty corre]atlon, there- e .
S T

fore, may underestimate .or overest1mate the v1scosity of

'sour haturalvgases dEpend7ng on the s1gh and ma@nitude of _57, P

%rrors produced by this. corrglat1on when Qpp11ed to hydro- A Y

e
‘carbg m1&tures Consequent]y Reyno]ds number anqhhence . 3‘5&*5

“the fr1ct1on factor~may be in error Such errors may be s

’ N Ry /

¢ . S . ’ . '
. v . . . .

! ~ - : - . -
S
v o -~ . -
S . o ‘ s

:; The measured f1ow1ng bottom ho]e pressures were réported f}\
M,

«

L;-fromﬁ%ﬁe available data whether the measur1ng device was 10c-_',

_ ated at that po1nt or whether in fact the tub1ng 6x-tonded to

the m1dwp01nt of perforat1ons sIf tMe tubing does not extend <

jor) - M .'.. .
. Q- B -
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24

R

o . g .
. . .
v . ~

estimate the flowing bottomihole Pressure.’ . _

" Models Uy. and Us (due to ne%ess1ty) were employed as%f

- However, these appnox1mat1ons-may not bq reaso b]e from a

phys1ca] standeﬂnt

'cu1&ted;pressureyend temnerath;e pfbfi]esfwhicﬁ dre~eSSentf4°?.
. B £ AR : » : : cy cL

a]]y the same hOWBVer, tneacast of computat1on may “be

| rgguced by ‘about a factor of 1%

i >
instead ofmﬂA as may be seen *%om_ 3 For exampie-in -

L4

g | e
- SIXx test. cpoints the range of cost for t ca]Cu}at1on§§%when

. the > _Computer | programs were stored on S, was

. Main mode] AA . $3 18 - $10. 83

. Ma1n mode] .BB o $0.44,-_$ 0.75 9
. T, a ‘ . ) T L
e Uncérta1nty of Abso]ute Rodgfiy ';Et b ?;f{;‘_"'%,ﬁ;'n,a.‘
R T L gk,
This rs ﬁrobab?y one- of ;i' most 1mportant sources of .. L

error, Thé'absoiute'fﬁughhess’offtubing”was‘taken asfo.0006,--
yihch " This . value js that shown by Cu]]endeq and B1nck1ey (169)

for new tub1ng ‘ Th1s va]ue wou]d in a]] 11ke11hood be . too low

"l

for old Pi:  is. 1nd1cated by Colebrook (170) He reported-
BEEATSS : :

: i

L
-



5 lated u;ing“the:

- 7 76

that an 1ncrease in roughness may cause 20 to 30 per cenl
, reduct1on in the ca#§y1ng capacity of plpes whlle the reduc-
tion. 1n the area perpendlcu]ar to f]ow due to such 1ncrease
in roughness may cause a reductlon of only 2 to 3 per cent
"ontﬁé p1pe carrylng capacity This 1mp]1es that the same
| lncrease in roughness may cause an/1ncrease of 25 to 43 per o
~cent of pressure loSS due to fr1ction if the p1pe carry1ng
capac1ty were kept at its 1n1tia] value ' Furthermore, Ippen
(171) has reported a pract1ca1 examp]e where the abso]ute |
roughness was. doub?ed w1th1n three. years and the assoc1ated
| d by 20 per cént :fié F

LA

. -8
e ca]cu;

frTct1on factor was 1ncre'
' n;g 2 This sugg ‘ .“ .wfng bpttomfhole pnessﬁr
of roughness of 0. 0006 1nch will y1e1d
‘;;values wh1ch are usua]ly ﬂow - The 12 test-points presented,

hEre tend to support th1s
» . . . ‘ . .

. . Ca

q
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c]us1ons can be made

AT
Tl e
)

L
. ‘. . i T
oo AR

v M

CONCLUSTONS - . .

. ."‘.."' Lo T . &
" :

| é .
As a result of th1s hnvest1gat1on, the

."x

1. Wg.Thegassumpt1on’%f ad1abat1c1f10w in gas we]]s 151‘
,'?'zunrea]1st1c and- y1e1ds the 1ower bound e$§1mate for .

: % ] ﬁ
flow1ng bottom hoﬁt pressure, 5 T

2. The apparent fa1]ure of main mode]s AA and BB may be

attr}buted to unre11ab1e data and %rr Tl

‘(» i
ent terms such as v1scos1ty and abso]u

\ - EtC .o A e S
O o ! ~
zg,‘ The complete so]ut1on of the Force Momenbum Ba1ance

vd1?ferent1a1 equat1on, as suggested in this study,
‘ ywelds ihekglosest est1mates to the measured f]ow1ng

‘bottom ho]e pressures, : [ ' h T u.;u%w
4, The assumpt1on 0F abso]ute roughness of 0 0066“1nch

ﬂ-‘y

foﬁ 61d and new tubing may be in error In a11 11ke-

'11hood th1s va]ue is too. sma]] . :
’ RN ' : _ —

folTowing .con- L

=



The fo]]oWing recommendations are\madeg

1. The Lee, et al. (]72)‘vﬁsoosityreorrelation~shou1d-beg -
:;m" \rep1aced by a more accuraté one capab]e of represent-»
vbﬁb , ~ing the v1scos1ty of sour as wel] as sw%st'natural
" ~jd gases In this regard it is recommended that . the Carr,

N U A S,

%xet.al (173"’Dean and St1e1 ([74)”ulsoqutx_ggrre1af o

<? o

o

t1ons be exam1ned
.‘ : Zre'diThe parameters in the eQMations gbving the pseudocr1-

..: gl
t;ca]s of natura] gases as a funct1on of="gas grav1ty

'."\i-’l .

.zshould be re- est1mated by us1ng data for rea] natura]

| 0 . .
'ugases rather than f1tt1ng ‘the Brown, et a] (175) %‘ .

L"
,i

‘ corre]at1on , .
‘gfwuédThe’J%SO1ute roughness of tub1ng used in gas we]ls

| shou1d be re- est1mated Th1s tan be done by employing-
_*A accurate surfac& and. bottom ho]e meqsurements for

large number of dry gas. we]]s and app1y1ng -main model-

- A or B. The va]ues of abso]ute roughness est1mated
may then be corrBlated to age of tub1ng,_the degree of

sourness of f]ow1ng gas, etc



NOMENCLATURE

kS

functions of snec1f1ed arquments or

ro.
& -
AR

lA’ B =
constants depending unon usage.
B* = va function of spec1f1ed argument.
'ch - =¥ 1sobar1c heat capacity, Btu/ibm. *R i
o = a funct1dn of specified argument.
CB = molal ideal- isobaric. heat capac1ty;
. ' - Btu/1b mole.°R, e L ‘
CBm o f¥ ;zgl ideal 1sobarqc heat capa¢1ty of
o - - 9% mixtures, . Btu/L& mo1e °R % _
R ) o ' N ¢ -
Cpm . .lg§gal 1dee1 1sobar1c heat c&paq1ty of pure
- H.C. - RS rocarbon m1xtures,aBtu/?b mﬁ]@’°R .
' C: = mo]a] specvf1c heat at 1nf1qﬁte vqume,
- ‘ . Btu/]b Mmole,°R... | , -
Cp | ?_ molal. 1sobar1c heat capac1ty Btu/]b hgf'A
o 'mo]e °R: “
Cpm = . molal ifobaric heat capao1ty of gas‘ .
: mixtures\. Btu/]b mo]e °R. :
Cv = - molal cons nt-yd]ume.sp cific heat,
R - Btu/]b mo]e RR. . Q\) -
d = inner plpe d1a‘ ten, inches
- D = 1nner p1pe d1ameter, feet _%!'
:D; =. .4 funct1on of spec1f1ed arqument
"Do . = 1nner p1pe d1ameter feet.
exp = exponent1a] |
E* , = a functfon of spec1f1ed argument ¥
- &
& = est1mated truncgt1on error in caTcu]ated'
P: B pre%sure ‘1b/1in N
ET- = estimated truncat1on error 1n”?3Tcu]afed
- ~temperature, °F S
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f] Y le,fcn
F*, F

T P T "

n

Wr-- ol

g

Moody's fnictiaﬁﬁﬁactor, Dimensionless.
. . oty B

functions woffm
functionsll
local grav1ta§10na1 acce]erat1on A

32 174 ft/sec
convers1on factor 32 174 1bm ft/lbf sec2.

molal flow rate per unit area, ,
1b mole/ft2 .sec. . )

.0

)gas gravfty, (air = 1).

‘ ?ray1ty of f]ow1ng‘g;ream,

air ="1). S #

entha1py, Btu/1bm . ,' B

gas~f1;m h#at- transfer coefﬁﬁéight;
Btu/ft.sec.or. - A

trial step sizeAat”kth interval, feet.

conversion factor, 778.16 1bf.ft/3tu.

'upper Timit 1nteger

therma1 conduct1v1ty Cal/qusécle

thermal conduct1v1ty at atmospher1c
pressure, ca]/cm sef K. -

thgrma] cdnduct1~1ty of gas m1xtures, at
mospher1c pressure, ca]/cm sec.K. .

thermaf conductgv1ty of gas m1xtures,

ca]/cg.sec L N

A
i
\

P



REBTNRL

, kp s A
3 oo
k . Y k [ k 9’ ; .
P’ P57 T,
: - = functions of specified arguments .
ke o ke, koo, :
LT Ty @
K ) . .
Ts | u
K . = @ function of sﬁec1f1ed arg.ment
“In 'S natural Togarithm, L .
log '( = 1ogar1thm, base 10.
. e : _
L = ]ength var1ab1e, feet ’
CLL* = 1ength of tub1ng, feet '
; }Mw o = molecular we1gﬁt or average mo]ecu]ar
Y weight depend1ng upon usage, lbm/lb mole
Y oy .I‘._-\, . e 4‘ ‘ . rA.' .
n e = upper 11m1t 1nteger -“: @ ‘ o T
: S | " Sy
P s pressure var1ab]e, lb /ft ﬁﬁsolute ' o
-P.c . = cr1t1ca1 _pressure or pseudoEr1t1ca] , ‘

pressure. depending upon context

L Tbg/in abso]ute Do
| I P f A re, 1bl) EXTﬂ{X e
\RTﬁ% N pseudocr1t§cal pressure, ]bf/Tn solute. .

5

B P‘Bcﬁ’% = pseud,ocr1t1ca] pressure of pure hydro— =
; TR e carbon m1xtures, lbf/m2 absolute o
‘ T G S R .o
P}; : .= reduced or pseudocrltigaiwer sure depend-
o ¢ Jng upon context, Dimensionles
;Fr } = Prandt] Number, Dlmens1on1ess ,f
- ? N } “, JQ ) '. ‘\)~
: EQ-J-ﬂ S = heat f]ux, Btu/sec - ;; ) ._3
-0, ; ‘2 #ﬂow rite at- standard cond1twons,'
U MMSCF/Day \ ;W; N
Rt =,~un1versa1 gas constant, ERR ST,
: 1545 Tbe.. ft/1b'mole °R. - -

't | g R gL



R*

R**

T

-3

"thé transition and~

~norma1 bb111ng po1nt temperature, K.

GasACondensate Rat1o, SCF/bb]

averaqe thermal resistance of the surround-
g as-'defined by Equat1on 13 . _
.sec. °F/Btu . _

vftz.sec.°F/Btu B 5

e .
‘Reyno]ds Number, D1me fioniess.

average overall heat—ggansfer-resistancel

-l‘

'.boundary ‘between

Reyno]ds Number ,at t
o ;gh p1pe reg1ons,

D1men51on1ess

] Suther]and Constant§£;

sin @, d1men51on1e£§ | S

temperature variab]e, °R; : ,
9 . . .

5. ! Yoo g A
TR - %
cr1t1 al or pseudocr1t1ca1 temperature
depe d1ng upon context °R

=.apseudocr1t1ca1 temperature, °R.

.pseudocritical temperature of pure hydro-

carbon m1xtures, °R.

v ¥ .
reduced or’ pseudoreduced temperature,
Dimensionless. - - . o \r

T e o \ o
\

‘temperature of surround1ngs °R.

T

=, D1mens1on1ess ‘i v s
TQ ) 2 ~. /o

veloc1ty of flow, ft/sec

‘average ve]oc1ty of flow,xft/sec

ovePall.-heat- transfer coeff1e}9nt o

Btu/ft2 sec °F . - g

[ER I

mo]al v&éume var1fb]e,,ft /1bsmolea~“, L :

shaft. work done by gas, Ibf.

— \.

—— R A

S
- - .
) . BN



X, Y =
Y =
Y ‘ =
, CO2 ‘
Y. =
VY, =
LNy
A ) =
z e t -
.. # i w . I
W e
- . s
g%ﬁ{ﬁ.@“ "
Greek - .
o an,
/ - oo
[0 3 ,‘\
Y ! =
5 Q -
’]§]p,62 a =
ap
E*\S . " - =
L - e
e;i . ‘;. :‘7‘;f
€3 LT
[P a "':,.- =

fa,parameter defined by' Equat1on 58.

.vi§¢Q51ty,vq_p, | 1.‘_.f L

functions of spegifjied argumentfh

mole fraction, Dimehsion]esé.
mole fractkon Of?é;ﬁ}&h dioxide. :*u o
Ll y—'\"“_' ., J )

mole.frac -of hydrogen Su1phqde R

‘mole frqctién'of?nitrégenj I
L o s "

height above datum, feet.

IR . 3 ‘ I .

compness1b111ty factor, b1mens1on1es

. ‘

crbt1ca1 compress1b111ty factor, .

D1mems1on1ess, - o ,

& . N PR S _
s o " | - - P
N ’/ . v-';:‘_.:_:@f( o - ; ‘ iy
inver§?“@? the*momentum correct1on factor
RS

a change in tHE’Va1ue of a var1abJe

to]erances used as convers'"

prEssure dropf Tb /1n .f;};\{

I 4 )n_.
abse1ute roughné&§, Tnchesa,&w A

/_f_, . A‘l- v e, . -.: ;_&' . ‘ v . q \ ’-,_ .5'.
/g -° Re “q. Shear Reyno]ds number X

. . St
_‘relat1ve roughneSS L -

max1mum energy of attract1on for the

Lennard=- Jones potent1a1 erg.

Acr1t1ca] temperature co?rect10n as def1ned<

12‘3

by Equat1on 24, °F ! . . ~

»gqq1Vaﬁ nt sand roughness, 1nches .
A '
dip a#gfé of p1pe, degreés T f S

|



&oo

LR

=

H

. T
st
¢

viscoswty at one atmosphere, c.p. .
v1sco§1ty of gas mixturéﬁ; C.p.. g o o
den&1ty variéb]e, ?Em/ft ‘ o .
ér1t1ca1 dens1ty, 1bm/ft3 L

dens1ty of condensate, gm/cm3

. reduced density, D1meﬁsionless

to]]1s1on diameter for the Lennard Jones

Potent1a] g

.summat1on ‘operator " ~"ﬂ"~ _
p & ; f“ ', ‘x
.a funct1on of spec

k%‘def1ned by ‘Equation 49.

1ed argument as .

co1l1squ 1ntegra1

¢

)
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'tlal length of p1pe of known dimensions and position in.

-Momentum Balance Equatdon. based on the fluid- element con-

" where &g .= the transferred heat from thegsurronndlngs to‘

Co ) ¢ ' .
-

N APPENDIX A

' ld
R

DEVELOPMENT 0F A nATﬂEnATItAL HODEL FOR STEADY ,
X STATE COMPRESSIBLE FLow or qns IN PIPES -

S '~. "“\\a

For the steady state flow of 9as thnough a’ f renr

space.\the Total Energy Balance Equatlon and the Force o

!
Ly
tained ina diffenentlal length (dL) may be written, .. ' |
[ "' Vo
The Total Energy Balance_Equatlon 2

. W 3

LA
Y

The Force.Momentum BelencenEduatlon}, 1 },ffff,3{;ff}f,@ij’

C .v(ﬁ;)dP;f." 99¢.. + §~9? M T
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. Lo S
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the fluid element Btu.
shaft work. lbf. ft.. o
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.w_lf
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En

e

molal flow rate per unit area, lb mole/sec. ft 2

v

<d>

-L'P pressure. l% /ft solute.-"
IR bt £ -*rb e

‘A

mean velocity of fluld ft/sec. | ?J'53 v ;Qﬁgzj -

: ] i . th' k
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|
]

mola]ﬁ@olume.'ft3/le hole.
Moody's hydraulic friction factor.
elevation above dafum; ft.=

I.D. of pipe, ft.

.

the molecular weight of gas, 1bm/1b mole.

~the inverse of the momentum correction factor

<u>2 _ ! ™
-5 = 1.0

u

‘conversion factor,

778.16 1b, ft/Btu
local grav1tat1ona1 acce]erat1on
32 174 ft/sec (assumed)

conversion factor.

ns (A 1) and (A-2) were rearranged into forms

0 numer1ca1 solution. This task was accom-

p11shed as follows o )

By defin1tion:

. . ThU(S

and.

<u> = GV-'Y - e 'Q . (A-3)

d<us = @ dV - ,-(A;4)
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R

The dip angle of the pipe is 6, where

dz

sin 0 = § = of - (A-5)
The equation™of state is:
TPV = ZRT (A-6).
e ."N\ N
From which :
ZR’ RT IRT |, -
dy = dT + dZ - dp : (A-7)
At _‘
and
P
oV, _ ZR , RT3z, -* : |
e = F + 7 (570 -~ (A-8)
. | ' i
where 2 ='fcn(Tr’Pr)" Thus
: \Z.'Wm; , .- 97 g
dZ = (%) a7+ (55—) dpP_
] o 8Tr Pri -r BPr Tr” r .
or -
- — BZ’ ' | 9l . L |

The gas does no shaft work;gthat'is,
. - |
dW =0 o - (A-10)
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K
™

The transferred heat to the fluid e]ement from the surround-

4

1ngs may be gtven by

’8q = ‘mDdL U(Ts“- T) } (A-11)

. - N
the, temperature of the surfound]ngs, °F..

'Twhére Ts
T = the temperature'of.the flowing fluid element, °F.

U = the 6vera11 heat-transfer coefficient, Btd/ftz.
: °F. o

u

It is known that h

i

fen(T,P). Thus

7

- dh = ( )P dT + ( )T'dP'
dh = cpedT + (2 ap ) (A-12)
: 13, P |
But ( )T = '"_Uﬂ____g since h is in Btu/lbm units.. (A-13)
. w ) / | .

’Equatiqns (A-6), (A-7), (A-i2)§3and (A713)_givé

where cp.tg;in“Btu/lbm, °R units.

LIS
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<u>d<u> _ GAvdy

ag, ag, by vli,r}:_ue of Equations (A-?) ‘_’"d J(A'.q)'
=‘§EZEB§13 (dT§+ dZ ;"dP)‘ with the aid of (A-TS)
ag P T T-C Equation (A-7).
c , .
. e i

'!

PR : 2,2p2.2 o ..
f<u>" di. . fG°Z°RETC | with the aid of
g0 29 DPZ - Equation”(A’3) (A-16)
| | PP o
V. ZRT o with the aid of o ,'
L) (Equation (A-6). - (A-17)
| by virtuélofi o a .
e jESdL ‘Equation tA-5) - - — . (A-18)
Combinind/Equations (A 1). (A 9). (A 10), (A 11). o
(A- 14). (A 153, and (A 18) and rearranging~y4e1d -7
dp EZZRZT L) RTZ )gg_) f+.'
dr ag, JPz T TFE‘ oT! P .g T
o | 22z, 2.2 22; I
dT | =, G°Z°R°T , G°7 R T - A
{cp + ', ( Lol =
‘ Zﬁ.‘ P cLQC_J,,z—_ P WP SR L
g T RS |
,hoeaw.x S ’-(67 9)““
N ’ : ; 4‘ 1_-. —_— . 3 o :
Combin1ng Equations (A 2). (A 9). (A 15), (A 16), (A 17)
' and (A 18) and rearranging yie]d | '_{g;gﬁfTngr -jjﬁ'f;'@i"745

»M'

T A R



By‘employing'the definiti

- \\\y .“
62ZRT -
a - .
2 : 2 '
9 L. fe%RTp
A

- 102

'.(A;zo)-

a\s of P ahd T and mu]tiply—

‘ 1ng both sides of Equation (A-19) by -1, Equations (A-19)

ird (A= 20) may be written as

dp B &27R2T ( | , RIT, (22 ).‘~ 62725272
qt— " adg P ap T JI “ r g 3R\P
| c
— R o
any’ r:‘r o . G222%R212  g27p212 4y o | -
Hff_‘ T: P agcJPaTr an ﬁz—. _T— Pr .
_ & |
9 Das - 4UI(T. . - T ),
g, 06s - ATy, TR/,
| 5 bGJ |
» B ' -
and. _ ) . Py
| dp F—:P3“ 2 N 2pTp ay o
r 19¢’ _ aCRizP, G2RTP Ry |4
dC" [P N ap CER 2%
rw r
aT,, r;’ZRPT e?nrpg(az |-
CLER ) o AT, Pl

B L L,_Ti;,., - ,"gggiv,'fﬁigglﬂ |

(A 22) o



. 103
. ~ .
_Equations (A-21) and (A-22) may be written as:  ~
. v . . . ‘(-
dP dr, SRR
tar v E gt - e ' - (A-23)
‘,‘ ‘ ) ' . . ) . .
| ey pe e 0 | B
and A% gl o+ B o= o respectively S (Akza)
where . . ) ¢
P3ﬁ 2
av = |Je _ g? RIZP ., GRTP. ( %)
,' P‘TF _ + &R T
Tl
= fan(Tr’Pr’TCch’Mw'Qo’Q). 7"' o (A-25)
w #*
B* = GZZRPT 62RTP ( )
N aT’ o P
,., =_fcn(.Trjpr.T.c,P‘C.Mw.qov’n)‘ ‘ (A"ZG)
o = _F,gsp3 _felme| - T

fcn(Tr’?r’TC’PC.VMV(’Q(.)"D’:(C’-')fl.ze’ig)"

<

o <u>D A
But. Re = 'Q'T fcn(Tr‘,Pr,Qo,D)
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€ = FonlTuPaT P uM, .0 44 (E),s) +(A-27)

- . \
R | > . ) 0
~ 2, 2.2 .'»RTT  n2,202.2
. G°ZR®T az GSZ°RT
. D* = . ( ) ( +
o agcJPz Ty :”5 " _ agc_JP:Pl‘n
=.fcnfTrfpprC'Pﬁ’Mw'Qo’D) (Af28) ;
Ex o . . 6222R2T2 62zr?72 (22,
- ag JPeT agJPz——aT—P
* Fon(ToPuT WP M0, 00) : (A-29)
P e
and’ - v
e éf DGSR- 4UJ(Tsr - Tr)/Mw S |
| - DGJ I
o ='fc"(Tr-Pr’chFc’"w’Qois’U)' (A-30)

¥ " b

. Solving Equat1ons (A 23) and (A 24
dP dT

) simu]taneously for =
. Hf" and HE_ gives |

R CRER - Brpr (A-31)
' A*.E* . Bx.p* 3 B | ;
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2
and o o , o
o ' . ) : . ‘_
_ dTr A*.F% _ Cw.Dw - S C
A | e — (A-32)
Ok AR ExL Br.pw .
o P, AT, |

‘In order to “obtatn a solution ar- and 3r~ ‘must: be'
finite i . . - :

Equations (A- 31) and (A- 32) with the aid of Equations
(A 25) through (A- 30) may be reyritten as

w,
!

a'[___' = fan(TraP ’TC'P o" ’QO' »'a'o as) . (A-3& .
Cand | L ’

a-L—r-=\{‘an(.T'r,Pr..Tc,Pc,le.Qoo'D.%..U'S) o (A-30)

For a specific flow case. that 1s, when the pipe dimen-
sions: and ?osition in space (L* D S). flow rate (Qo) and gas
'properties (T P, 'Mw) are given, Equations (A 33) and (A 34)-"'

reduce to -
s HE- fcn(Tr.P ,( ) U) SR (6—35)'-
..and | |
. . LT .
a'L— fcn(T 'Pt"(—) U) S ’ | (A 35)‘;,

¥

Equaticns (A 35) ard (A 36) constitute the mathematical

_model for a steady state compressible flow of gas in ptpes

LI

,l,



- APPENDIX B

DEVELOPMENT OF MATHEMATICAL EXPRESSIONS FOR THE PARTIAL
DERIVATIVES OF Z WITH RESPECT TO;Tr AND~Pr

—

The reduced Benedict-Webb-Rubin equation of statehas

~ the form

S Z=1+ (A; + Aé + A Yo + (A, + AS) 2 4 ALA 93“
. LT T Pp T Ay T Pr 576 f;
_ C ' r '
2 _
+' A Pr (1 +A z)ex (-A 2) o (B-1)
S | ;_§ ] gfr/exp , 8Pr ‘
SV e _
’whefe
PM -
Z’%‘;ﬁ" S - (B-2)
At fhe_critica] point
v : _- CwW _ . 2y
' ZC'—-QCR[C S . : (B-3)

Dividtng Eqﬁation (B-2) by Equation (3-3) Qnd.rearranging

give ' . . . ) N Bt )

106
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-

) | |
=17, —1 | (B-4)
ce rr . ) .

Combining Equaﬁions (B-1) and (B-4),produces another

. form of reduced Bendict-Webb-Rubin equation of state

[-—ﬂ ) A3 2 ’ 3
PpTy ¥ (AlTr t Ayt ?—f)pr * (A4Tr * Agle,
] ' - r ' :
P = 7: (B-5)
_ . 3 .
. e 2 © 2
+ AgAspS + A, ;ﬁf (1 + Agol)ezp(-Agp?)
r ‘ ‘ | :J
Equation (B-4)‘wa§ employed to derijve (g%f)P and
o g : r'r .
(QZ—) by partial differentiation as follows:
3Pr Tr . . - _ :
S
(3Z ) = 0 v(ZCPr)
TP, AT, TP,
3 rﬁ , ap
Prip rPr
- = ZCPr‘ - ‘ 1 R (a-pr) .
o T T Py ET: Pr
YA : ] 1 r
(57—)p = Z|- - = (L) , . ... (B-6)
ELI T T e, EL o o
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And

(32 ) a ] (ZCPT) N
EF: T EF: Irpr T
_ZP p
s Cr |1 1 r
R IR - (55—)
Py r P Py aPrJTr
o | - o R
(3l =z [5L- L (2P, “{(B-7)
‘5F: T, 1P, P, 35: T, , | e

-
v

Equations (B-6) and (B 7) 1mply that the partial dériva-'

tives of Z with regpect to T and P can be evaluated once

the partial derivatives of Pp "with- respect to T

ane Pr.
known A R o -
. r 1 3Py [ ‘
how =(55:)Tr = ZEF:;-—- ; provided(sa;)Tr f 0 . (B-8)
. 5T, o
p ap.. | ' :
(,,T"),, = - <"r‘> / (555, (B-9)

ror
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ap ’ B :
(zvl) and (=L). were obtained by performing partial
BELRE N PR T, T T o

differentiation on Equation (B-5)

'y ‘ _
— 3, 2 3 . |
L pr + (A] - T—'g')pr + A4pl‘ S : "
3 r
r | : '
5, " 2 : (3-10)
D - 2h; 5 (1 % Age?)aap(-age?)
~ Tr o
-7 .
* r ’ ' ,‘ ‘ A3 ) B Y 7]
T!: + Z(A]Tr + A2 + T—'Z')pr-
- , 4
=y = L : 2 S . 5 |
('apr)Th .zc ..+ 3(A4Tr + A5)P~r + SA,QAGpr | | ) (B-"”)_
an 2 4
thy T—L‘Z o= (-Agop) (3 + 3Agol - 2Agey) |
- r_ ) o —J ;L

Su%ifituting Equation (B-]])‘intO'Eduation (B-8) gives,



o—

‘(-‘_'_‘.)‘ , zc
oaP T A —
ro'p o 3 .
- To 4 2007, + y 20
rf
4 3(A,T. + A)e2 + GAAGS
S - .
ity Sy gD+ gt - 1)
TR il
Substituting Equations (B- 10) and (B H)Vinto Equation-
_(B 9) gives ’
|
P+ (A —3')0 + Agpy
.p3' Co B '
- r 2\ 4 a2
Eory L - T , |
ar. e _ B A, 7
Ty # }Z(AJTr * Ayt ey
+ 3(R,T + A:)p2 + GAAQS
4r $Ari»_v5_6\r-
.Dzy' o 2  . 2/
s +'A7 -T—r-'z-.‘ea:p(-ABpr.)(:i ,+;3A8p'r - ZAap ) .
r . : : : . R o
/ :

110

" (B-12)

(5-13)



B

|
Equations (B- 6) and (B- 7) Wwith the aid of Equations

. (B-12) ‘and (B- 13) ‘made it possible to estimate ( )P

and
 (*3_)T at T, and P ana]ytical]y

A ] .



APPENDIX C
v

DEVELOPMENT OF A MATHEMATICAL EXPRESSION FOR

HEAT CAPACITY DEPARTURE
The reduced form of the. Bened1ct Webb Rubin equat1on
of state is
1, T+ (AT 4 A, 43 )02 + (AT + A) 3
: ! Prlp 1'r 2 ;2 Pr 4’y 7 N5lPy
s ' ] . r ; - h
P R . * (C"])
L | 3 |
| + AheoS + A T (1 4 A 02)es (-Ago2)
, | 6P r 772 T NgPp/expl-Agp
L r
The heat capac1ty deﬁarture from the idea” state is |
defined as (C - C? ) ' o
’ For a gas in the ideal state
G=Cy+R L (c2)
. . . . ’ ) ) _‘ . \; o v. ’
s . o
4 oy _ . _ ° - ' ‘ ’_' ’
(c, - )=y (] + R) R (c-3)
By .adding and subfractfng C,

from the left hand side. of
Equation (C 3) and rearranging, one’ may get

¥

~

12
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on SN
S Gp) 7 (e - gy) H (6,5 ) - R (c-4)

x
=
i}
-1
1]
[
n

isobaric heat capacity at pressure P and tempera—
P ture T, Btu/]b mo]e °R . ‘

° I

“C_ = 1sobar1c heat capacity at zero pressure and
P temperature T, Btu/1b mole.°R. -

' Cv = constant-voiume heat capacity at preSsure P and
4 temperature T, Btu/1b mole.°R.

ce =”consq€nt volume specific heat capaé1ty at zero

v press re or at infinite volume and temperature
T, Btu/1b mole.°R. .

R =,un1versa1 gas constant, 1.98654.Btu/15'mole{°R;
Exgressions for (Cp - Qv)'and (Cv - Cv) may be obtained from
_Equation (C-1) by applying the following thermodynamic; |
relationships (176): | ' ' '

. 7

aC~’ ) 2 v mmmemmen o » .
(viy = T3y ()

T et
(c, - ¢,) = -1k P2 VaDr o (e

&

ac T %P o
(=YX); =-RZ. L5 (—%) (c-7)
°p Tr c ;_? r?. Pr g ’
(¢, -¢c,) =Rz Lr (D)2 /( =) _ (c-8)
P pl"2 ST: P apr T



’

By performing partia] differentiation on Equat1on

(C-1), the following expressions were obtained

]
(53—

)T

N I
r. Zc 3
N r
‘ 2
€
pr Zc
Tr + 2(A1Tr
-1 +' o

-

0d-

: Ty

ﬂ')p + A4

.
p P

r r ~ 2 \ .

SRy Tt 6Ay g (1 Agey)eap (-Ago?) | (c-10)

r

+ A, (+,

2

| —

\\\.

LA “7“?‘ Agoy

3

o

N\

&

Gpr‘

"

© 28, o (14 A 02 eap(on o2
7T—3' 8pr ea’p("ASQr).,

-

p )(3 *+ 3Agey

2
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(c-9).

7

-~ A§p4)’

/

(C-11)

Substitut1ng Equations (C 9), and (C 11) 1nto Equation (c- 7) A

g1ves

o

\.

/i
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(c-12)

—

~ 1 + (A] -

~RTr‘ “‘?Ti - B

- 2A, ——3- (1 + Aap )exp( ABP )
v(»c.p ¢, - — _ ‘ Ty '_'A . 4‘_

‘ Tr‘+ Z(A]Tr +1A2'+ ;gf)pr

\ ro

o+ \3(’A4Tr_ + Aglel + 6"5_"6"3 | \‘/

R

e ol
+ AZ';:Z exp(4A89§f(3'+ 3A8p£
r .

S

9 4’.
- 2A8ﬁr)

SubstitutingaEqUation (C-10) into EQuat%pn (C:])hgives

3C sA g L |
vy ' .
] (_a_p_;)Tr = - R 1_ + 6A7 —-3. (] +. A8p )e.’l.‘pnap ) (C- 13)
a . r T
Boundary Conditions: o P -
. : . s - ° T
At Pp =0 Cy = ¢y

)

By separating variables in

app]ylng the above Bouﬁpary Cond1t1ons. one ma

y obtain

m—rr——

Equation (C 13), 1ntegrat1ng. and



' Substituting Equations (C-12) and (C-18) into Equation

~ -

€ Y :
, - \ P, 6A.
[VBC ) = - R ST(=L). dp_ % r(GA
v a V,Tr 0 Tk3 Tr r é | r
" 3
. ; T
- + {) (6A,Ag
(€, =€) = - RIX + Y + Q]
where )
* =$6A —_— .
3A7 exp(3Asp ) . 3_::7 ¢
T : R
AgT, 8T ,
. ‘ .'& ) T ‘
3A eap (- Aqp ) “3A
= _3 8 a
or

)
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T 3 exp( ABP nT dp

I 3 e?p('Agpr))T qpr
. r o
R L

" (cira)

Ccm



/"..,A.g‘ ‘v \. ‘,«." 1’,7
‘ . -/ _' . L
~(c- 4) resuTts 1n the f1na‘l~ form of heat capacity departure
equat1on, which may be written as" )

. >'-'|-6A 7 P

~.v’-‘.‘ \.“' .‘ci‘ 2.-

,?)

3(A4T + A )pr * 6A5A6p .

L+

P N R e SNV
A7--—Lr-é-"e'."cp‘(,-’A‘sz)f{.3";v+u~3'A_Bp$,).--:2A8.pr-) i
r : : .

. . . o .
. . . . . N ,"\ . L PR B .. . S . L o ; o .
d
S N 1t
i |




APPEwDIX D

.‘.). . N

I
THE HYDRAULlc,FRICTION FACTOR IN BOTH THE TRANSITION

AND THE ROUGW PIPE REGIONS

Transition Regio v”, o “-l Lo el

L *This region is. characterized by 4000 b3 R ?593)

| The hydraulic friction factor 1s given by the Colebrook»
transition law (177) o e

»,H(oflf_.'

where f = Moody s. friction factor

.
n

abso]ute roughness, 1nch

I.D. of: tubing, inch ,"frjj,_;,f' T

Cd

o Re

Reynolds number :»"

By taking the square root of both sides of Equation (D 1)

_and by ]etting 'S =./fFf...one may obtain gjjaf;cg;'

In order to solve forHi’in«Equetion (o-z). the Newton-_




9

Raphson iterative method was used. The iterative equation
has'the following fofm:

LY

X ?.x..—_ ~ - 3 prov ing Hg x5 ) | R

] : .
“. where g(xi) is obtained from'Equation-(D-Z) as:

9lxy) = 1+ 2 zog({ghgl 4 2:51) T (g
o L ety |
Thus,
S 9T0y) 3;2';53(i§4§1 * %j%%)j ( e5d02 zzifr‘ (D 5)
| , b

Comb1ning Equat1ons (D 3), (D 4), and (D 5) provides the

f1na1 form of the 1terat1ve equat1on for x,

r;
; ockesd) L 2.51,]
¥ [] + 2X1 Zog( +. exj)]
i+1 ~ xi - \ . (D_G)
2 1og({&/9)  2.51) - 5.02 109 e
e*y Rexi(§§f7l,+_kex1)

ey
A
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"The Fu]]y'Rough Pipe Regijon

3200
“Flow of fluid falis in this region when R > TE7F)

. The Van -Karman equation was emp]oyed to estimate the hydrau-

‘lic frict1on factor in this reg1on

| 2
- . S (D-7
: <L¢9f] )
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APPENDIX E

AN ALGORITHM FOR SOLVING THE SYSTEM OF DIFFERENTIAL
EQUATIONS IN MAIN MODELS AA AND BB

The sysi:m of differentia] equations that descrlbes

the flow problem .. as fol]ows
e . B .dPr . o .
‘ . a'L—" = f](TrQPr’R*DE/d). (E'])
dTr ' ; ‘ .
qr = (TP uR*epd) (E-2)
=0 . (E-3)

‘The Boundary Conditions are:

At L=o0 : 7T é'T(L=O) = T,

-
n

= L*: T = T(L=L*) =T, and P = P(L=L*) =P,

The modified Runge-Kutta-Merson'algorithm as‘suggested ‘

by NieSse (178), Chai and- Bur91n (179) was utilized to. solves

-

this system of differentia] equations as follows
(1) Let (e/d) = 0 0006/d (for new tubing)

R* =7000 ; 1000 < R* < 7000.

121 e



(2) For a.;gj?I}step size (hk)'

1
=

N

g

h

k
-

-

£2(T. P JR*,e/d)
1 rn rn

fo (T, ,P. ,R*,e/d
2 " rn" / }.

w
. N B
L~
—'
-
+
oA ml
. > .
-
—
-+
oof
»
-
-
-

122

compute kpi‘and kTi' i=T,5:
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. 3, 9.
kp, =3 (T, vk Tkt GkTa’Prn

f,GkP sR*,¢e/d)
4

.3, 9
+ 36, -2k,
z P20y

n

k = (T * 5 K - k + .6ky ,P .

3 9. "

T _ "A o ky ] T N
: . - ) .~ 5 . .. - ) 2
R M |

(4) Let '6] = tp1efance in predicted preésdre'P.

Pand

' §, = toleranée ig;predigégd,tempegature Tt -vA'a>/*ff ;;'

If either Ep > 6, or Er > 6,, halve the trial step size .

Ty - - KN
. -~ .
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/ | ) bl
and start over from step (2) unti] EP < 6, and Er< 8,.
s . s "
(5), Compute the cgrrected value of Pr and Tr
S 3 , : N+l N+l
N
( ) i
P corrected =P -
rn+l* : Co P4} ';i;
T, (corrected) = 1 - . I
corrected) =T = - &
1T B Pl T

“/

This correction raises the accuracy to the fourth.order.

- (6) If E T%'and ET' 'T% s doub]e the,trial step size for

the next 1htegration stéﬁ' 'If not, leave the triad step'

-
size as is for the next 1ntegrat10n interva]. hk+1

(7). 1f E.* ;1 h] =0, gotostep (8). " Nt
' ‘ . k .. _" . .-‘; _~_' ) ' /
If |L* -,121 hil > hk+] » - 90 tostep (2).,
. = \ S N < . .
o . 'h / .
e : Y o . )

I

A\

,~and go to'stepu(Z)Q : o :

(8) At this stage T(L =0) and P(L 0) ‘are estimated

1 T(L “0) =T, ..then P ‘,P(Lao)“:?SIQT'

a
- . - .
4 ® . . L3

S R S I R S
1f [E* L h{] < h,y s Tet hk+r-=;[g* - L h{]. |
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.};f"T(P=°) #-T; s modify the value of R*,

4

(9) Let 'k =1 ‘qnd start over from step (2).

. For Maip model BB, R** replaces R*.



. § |
" APPENDIX F
. b ‘ ' ‘ |
- SOURCE DATAY
i o
S WELL A
FIELD: Dunvegan . MELL NAME: Anderson et al.
/- ) : ‘ R Dunvegan 6-29
‘fBQQL= Debolt - . LOCATION: sfzg-eofé'wsn

PERFORATIONS: 4748'-4785' .K.B. DISTANCE TO M.P.P.: 4753' K.B.

. TUBING SIZE: 2.441% I.D. ~ "RESERVOIR TEMPERATURE: 115°F

GAS_PROPERTIES:

6 =0.6402. TP = 669.9 PSIA oTg= 367.2 R«
MOL.% €O, = -0.56 MOL.% N, =1.05 MOL.%H,S =00
MOL.% €, ' = 80.33 MOL.Y C, ='4.04 MOL.% Cy. = 1.95 N
MOL.% i-C, = 0.31° MOLQ%.n;c4-= 0.70 ﬁoL}%'i-cs - 0.20 "
. MOL,ifﬁ-cs = 025 MoL.% ¢S fo.22 Moz @S = 0.25
MOL.% Cg "= 0.07°- MOL.%Z H, = 0.07

Density of_Condengate‘= 0.777 gm/c.c.

WELL OPERATOR: . Anderson Exploration Limjted

IYPE OF TEST: Modified Isochronal -

DATE OF TEST: April 5, 1971

'GAS_PRODUCED THROUGH: Tubing

i

l(

126 |
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o . MELL' B
FIELD; Bigstone =~ ~ WELL NAME: Pan Am. HB,G-2
ROOL: Jb-3n" . T LOCATION: 2-25-60-22 WM

PERFORATfONS£ 11003'-11052"Kf8. DfSTANCE'TO M.PAP.{ 11029' K.B.

TUBING SIZE: 2.992"-f.D. ‘ RESERVOIR, TEMPERATURE: 246°F

GAS PROPERTIES: -

G = 0.6997 N ch = 801.2 PSIA pTc = 410.9 °R

MOL.% CO, = 2.88  MOL.% N, = 4.56  MOL.% HyS = 18.89

(Complete gas analysis at the time of test is not;available.)v

© WELL OPERATOR': - Amoco:CAnada_Pétro]eym Comqghy Limited

~

A

TYPE OF TEST: Multi-Point

DATE OF TEST: September 20, 1970

- GAS, PRODUCED THROUGH: Tubing
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. WELL €
FIELD: ’ngstgpg-, o WELL NAME: Pan Am. HB,C-1 .
POOL: D-3A . LOCATION: 13-35-60-22 W5M
PERFORATTONS : . 10957'-10974" K.B. DISTANCE TO M.P.P.: 10965' K.B.
- . ‘ | ‘, — -  _%
(;u

TUBING SIZE: 2.992" I.D. RESERVOIR TEMPERATURE: 243°F

GAS PROPERTIES: — | o _
e-o0.702 ch - 798.3 PSIA e = 4085 R
MOL-%€0, = 2.78 MOL. % N, = 4.56  MoL. 4 HyS = 18.50

(Complete gas ana]ysis at the time of test is not availab1e )

WELL . OPERATOR Amoco Canada Petro]eum Company L1mited
| B S ——

'TYPE OF TEST: .Single Point .

""iDAxﬁ—ef TEST: October 10, 1972 - .

‘A,_-————-

‘GAS.PRODUCED THROUGH: Tubing— - °
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MELL D
~ FIELD: Bigstone o © MELL NAME: Pan Am: HB,G-2 -

POOL: D-3A° . .LOCATION: 2-25-60-22 WSM .

© PERFORATIONS: 11006'-11052' K.B. DISTANCE TO M.P.P.: 11029" K.B..

TUBING SIZE: 2.992" I.D. = ~ RESERVOIR TEMPERATURE: 243°F

- GAS_PROPERTIES: B n -
(GTOT02 P e 7R3 PSIA T = 409.5 R

MOL.% €O, = 2.78  MOL.% N, - 3,52 - MOL.% H,S = 18.50

(Comp]gte gas analysis at the‘\time o_f.‘te.st'_‘_i_s not 'av'ai‘la‘blie.) '

~ WELL OPERATOR; Amoco Canada Petroleun Company Limited

TYPE OF TEST:  Single-Point

DATE OF TEST: October 10, 1972

. _GAS_PRODUCED THROUGH:. Tubing

\b =
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APPENDIX 6 . - ,

COPIES OF THE FORTRAN COMPUTER PROGRAHS
FOR MAIN MODELS AA AND BB

C 20028 3k e e o o ke ok e 2 e s ok ok 2ol sk 2k ak o e ok o e e ok e sk ok i ofe o ook e 3 3ok e ok ok ok ok ok ok ok ok

CoRkaokopdkkhkkk ok dkkk®k  MATN MODEL AR ok skibok ook ok ok k k ok
_c***#***************#***********t*******************

Cxx

C**%
. C®x
C**
Cxx

T

nOon0nnanan

ANONA anaanan

nAnNnNnanannAaAana

*
*

THIS MAIN MODEL,‘*AA’, REQUIRES THE POLLOWING'
FUNCTION AND SUBROUTINE PROGRAMS :
F,SEARCH,AMEIN,KASEM,BWR,LEE,MOODY,

QUON & MISIC . THESE PROGRAMS ARE LISTED
IN PAGES TO FOLLOW . : ’

HOW TO’USE'THIS'COHPUTER PROGRAM

I?YPE IS A PLAG INTEGER .
ITYPE=0 : INJECTION PROBLEM _
i ITYPE=1 : PRODUCTION PROBLEM . (
M Is A FLAG INTEGER '
M=1 : SUPPLY GAS ANALYSIS

MMM Is. p FLAG INTEGER

MMM=0 : ONE-PHASE ‘FLOW
MEM=1 : TWO-PHASE PLOW °

COMBINATIONS OF THE FLAG INTEGERS ARE AS. POLLous-
ITYPE M - MMM DESCRIPTION ‘
. 1 ' & 1 THO-PHASE PLOW PRODUCTICN |
" . PROBLEM. SUPPLY GAS COMPOSITION
' AND SG OF FLOWING STREANM
1 1 0 ONE-PHASE FLOW PRODUCTION
S ' PROBLEH# SUPPLY GAS COMPOSITION

_ ‘GASUC IS GAS UNIVERSAL CONSTANT . .
. GC IS CONVERSION PACTOR = . -y . -

AJ IS CONVERSION FACTOR . _ Q"h?’
SLOPE IS SLOPE OF PIPE SEGMENTS ,‘g';-_

é .

. THE POLLOH;NG TERHS BELONG TO PU&%,GASES
YMOLF IS MOLE FRACTICN

YMW . IS MOLECULAR WEIGHT
YMW1 IS MOLECULAR WEIGHT .

TENC IS CRITICAL TEMPERATURE IN DEG. RANKIN
TEMC1 IS CRITICAL TEMPERATURE IN DEG. RANKIN
PREC IS CRITICAL PRESSURE IN PSIA :
PREC1 IS CRITICAL PRESSURE IN PSIA

VOLC IS CRITICAL VOLUME IN CU, FT/LB

VOLC1 IS CRITICAL VOLUME IN CU, FT/LB

- TNBOI IS NORMAL BOILING POINT IN DEG. R

TNBO1 IS NORMAL BOILING POINT IN DEG. R
SEGM1 IS COLLISION DIAMETER IN ANGESTROMS
SEGMA IS COLLISTION. DIAMETER IN ANGESTROMS

o 13
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hnnnnnnnnng

. CPOC1 15"

EOK  Is
EOK1 Is
CPOC . IS

-86 T

PTEMC IS

PPREC. IS.

DIAM 1Is

" DEPTH IS

TSOD Is
TSD  Is
™D IS

.. PSD Is

Q IS

IMPLICIT

1
2.
3
4

EXTERNAL F . , o L _
DIMENSION v0Lc1(15),TNBo1(15);szcu1(15),on1(15)‘

A PARAMETER IN LENNARD-JONES,POTENTIAZ;

- IT Is (E0 /K ) IN THE TEXT
THE SAME AS EOK : ' v
THE FOUR COEFFICIENTS OF THE ID@AL
HEAT CAPACITY EQ. OF PURE GASES
(KOBE ET AL, ' - :
THE SAME AS CPoOC

GAS GRAVITY -
PSEUDOCRITICAL TEMP. IN DEG, RANKIN
PSEUDOCRITICAL PRESS. IN PSIA
TUBING DIAMETER IN INCHES

LENGTH OF TUBING IN FEET

GROUND SURFACE TEMP., IN DEG. F
TUBING HEAD TEMP. IN DEG. F
BOTTOM~-HOLE TEMP. IN ‘DEG. _F

TUBING HEAD PRESSURE IN PSTA

TOTAL YL:W RATE IN MSCF/DAY

REAL*: (A-H,0-2) .

DIMENSION YHH1(JS),TEHC1(15),PREC1(15)
DIMENSION CPOC1(15,4) o o
COMMON /BL1/GASUC,GC,AJ, SLOPE/BL2/ITYPE

COMMON /BL10/1N301(15)/BL4/SEGHA(15),qu115)
CCMMON /BLS/YHW(15),TC(TS),ZC(15),GAHAC45)_‘

- COMMON /BLB/CPOC(15,Q)

conuou./BL11/T£5C(15),RREC(15),voLC(15) _
CCMMON /BL12/PTEHC,ZTEHC§PPREC,ZPREC/BL18/H.
CCMMON /BL13/DIAH/BL14/5G/BL9/YHOLF(15) '
COHHON“/BL15/Q,TSD,PSD,TDD,DEPTH;TSOD,DL :

. CCMMON /BL30/VMASS
-COMMON /BL50 /MMN

»

DATA  YNW1/6.44013D 02,0.28013p 02,0.34¢76D 02,

J. 16043p 021013007OD'02,0;00097D c2,

J.58124Dp 02,0.58124D_02,0.72151D c2,
0.72151D 02,0.86178p 02,0.86178D 02,
0.10021D_03,0.10021D 03,0.11423Dp 03/

"DATA TEMC1/0,54757Dp 03,0.22727p 03,0.67237p 03,

C.34304D 03,0.54976p 03,0.6655&D 03,
0,73465D 03,0.76532p 03,0.82877p 03,
0.84537D 03,0.89550D_03,0.91337D 03,
0.95&67D'03,0,97247D 03,0.10239p 04,

DATA PREC1/0.1071D 04,0.4930D 03,6.1306D 04,

Iy

0.6678p 03,0,7078p 03,0.6163D 03,
. 6.5291D 03,0,5507p 03,0.4904p 03,
0.4886D 03,0.4366D'03,0.0369D c3,
C.3965p 03,0,3968D 03,0.3606D 03/.

DATA v0Lc1/o.3420-01,0.51un-01,o.u59D-01,

o.993Dso1,o.788p-o1,o,737D-61,'
uo.72un-o1;o.7ozn-o1,o.6799fo1,

135
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¢.6750-01,0.681D-01,0.688D-01,
. 0.673D-01,0.691D-01,0,690D-01, °
DATR TNBO1/0.35037D 03,0.13927D 03,0.38307D 03,
0.20098D 03,0.33219D 03,0.41600D 03,
0.47057D 03,0.49077D 03,0.54179D 03,
~ 0.55659p 03,0.60014D 03,0.61539D 03,
. 0.65376D 03,0.66884D G3,0.71789D 03/
DATA SEGM1,0.3996D 01,0.3798D 01,0.3623p 01,
¢.3758p 01,0.4443D €1,0.5118D 01,
€.5278D 01,0,4687D 01,0.6051D 01,
0.5784D 01,0.6256D 01,0.5549D 01,
' 0.7015D 01,0.7C04D 01,0.7451D 01/
DATA EOK1/0.1900D 03,0.7140D 02,0.3011D €3,
: 0. 1486D 03,0.2157D 03,0.2371D €3,
»3301D 03,0.5314D 03,0.2694D 03,
0.3411Dp 03,0.2472D 03,0.3993D €3,
, C.2742D 03,0.2882D 03,0.320QD C3/ .
DATA CPOC1/0.5316D 01, 0.6903D €1, 0.7070D 01,
' 0.4750D 01, 0.1648D 01,-0.9660D oc,
-0.1890D 01, 0.9450D 00,-0.2273D 01,
C.1618p 01,-0,9081D 00, 0.1657p 01,

: ~C.26069D 01, 0.31899D 01, C.35844D 01, -
0.79361110-02,-0,2085000D-03, 0.1737777p-02,
0.66€6666D-02, 0.2291111D-01,: 0.4043888D-01,
0.5519999p-01, 0.4929444D-01, 0,6907777D-01,
0.60277770-01, 0.7843494p-01, 0.7327777p-¢1,
0.9611055Df01,-0.8315605D-01,.0.95024u4D-01,

=0.2580864D-05, 0.5956790D-06, 0.42C¢9876D-06,
0.9351851D-06,-0.4722222D-05,~0.1158950D-C4‘
. —o.16959879-04,-0.1351851D-ou,-o.2190432D-cu,
-0.1655&6“D~04,-0.2396910D-0Q,-0.21123QSD-04,
—o.3089506D—0u,-o.23731u8D-ou,-o,2742592D-ou,
0.3058984D-09,—o.11764uon-09,-o;13u89360-09,
~0.4509602D-09, 0,2983539p-09, 0.1299725p-08,
-0.2043895Dp-08, e.1u33a7on-08;;0.2719478D-08;,
0.173182un-oe,'0;2848u220-08, 0.2362825p-C8,
.~ €.38343620-08, 0,2614881Dp-08, 0.3060G12p-Cc8/
GC=0.32174p 02 ' - B o
GASUC=0, 1545D 04
4J=0.77816D 03,
SLOPE=0.1D 01
DO 5 1=1,15 -
- YMW (T) =YMW1(I)
- TEMC (I) =TEMC1 (I)
PREC(I) =PREC1(I)
VOLC (I) =VCLC1 (I)
- TNBCI (I)=TNBO1 (I)
SEGMA (I)=SEGM1(I)
EOK (I) =EOK1(I) -
DO 5 J=1,4
S CPCC(I,J) =CPOC1 (I,J)
WRITE (6,208) "

FWNA FPwuNa pw
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o000 0n

.

‘ ﬁnxrp(s,zczy (YUH(IS,TEHd{i}LPREC(I),VOLC(I),.»
. *TNBOI (I) , SEGMA (I) , EOK (I) ,I=1,15)

WRITE(6, 212)
WRITE (6, 205)((CPOC(I J),J=1,4) ,1=1, 15)
HRITE(G 214y

READ 3 CARDS. GAS COHPQSITION.EACH'CARD HAS
THE MOLE FRACTIONS -OF 5 COMPONENTS. THE
ORDER- OF COMPONENTS IS AS FOLLOWS : |
co2,N2,H2S,C1,C2,C3,I~CH c4,I-C5,N-C5,
I- C6 N-CG I- C7 N-C7, N'CBMf;L
IF G&S COHPQSITION.IS NO
‘SUPPLY 3 BLANK CARDS .

AILABLE,'

READ(5,206) (YMOLF(I),I=1,15)
WRITE (6,215)
WRITE(6,207) (YSOLE (I) ,I=1,15)

-

READ 1 CARD ( COHBINATION OF FLAG INTEGERS
AND SG ) _

-READ (5,209) ITYPE M, HHH SG
HEAD 2 CARDS ( WELL PBODUCTION DLTA )

READ (5, 206) DIAM, DEPTH,TSOD
READ(3,206) Q,TSD, psn TDD
IF(ITYPE) 1,1,2 .
WRITE(6, 218) S

GO TO 3 e :
WRITE(6,219) Cee—

.WRITE(6,208)

WRITE (6,216) DIAH DEPTH

'WRITE(6,217) Q,TS0D,TSD, TDD>PSD

. CALL AMEIN i

" WRITE(6,227) SG PTEHC PPREC -

- WRITE(6,225)

WRITE (6,226)

CALCULATiNG MOLAL FLOW' RATE

TR=(0.6D 02+0.45967D 03) /ZTEMC

PR=C.1465D oz/zpﬁEc -

CALL BWR (TR,PR,ITER,ZST,DR cpna,nznra DZDPR)
VHASS= o 557uu13an 02*Q/(zsr*nxnn**2)

READ 1. CARD { RANGE OF R* )
. XMIN=1000.0
XOUT-101O 0
. XMAX=7000.0 -
IF CONVERGENCE IS NOT ACHIEVED THE RANGE
"7 MAY BE PUT BETWREEN 200. C 6 1000 0 OR
7000.¢ & 2000000

137
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“ . . [ . f

4

.F Co - . - e L . . . L
TH% . REMARK ** FOR SAVIF- COMPUTER.STHE i CASE R*
IS OUTSIDE THF  ECIFIED RaNGE,
. ALWAYS PUT XC. -xaINet0.¢
 READ(5,201) XMIN, . T,XMAX
TEMESP=0, 1D 00 . - . &
) - .7 / o : . ) ' ’
MININIZING FUNCT: ¢ ° e
x - . ) ’ : 5 - _ . _‘ .
CALL SEARCH «(F,7 'ESP,X,XMIN,XMAX,x0UT) = | | TN

201 FORMAT (7P 10. 4)
202 FORMAT (10X,7F16 . | o
204 FORMAT (4D15,7) = . oo o " A
205 FORMAT (10X, 4D2¢ ) o O
206‘PGRHAT15F15.8) :

207 FOBHAT(18X,P20;5) . , N 7

208 FORMAT (*11) - ) L _ .
209 FORHAT(BIS}SX,P10;4) c : ; , .o

211 FORMAT (10X,5F15.7) S ) _ -
213 FORHAI(/[?////,ZSX,'A',19x,'B',19X,FC',192;'D',/) E
214 ronuar(/y,u7x,'cp0(1)=A+B*T+C*T**2+D*T**3!) g
215,?03531('1',///7////,?7xy-50LE,FRACTION-,/) . :
216-roannr(//////,1ox,'rnBING I. De',27X,'=1,F10,3,
© A ' INCHES!,,, o : T
B10X,'THE LENGTH OF FLOW STRING . . " .. _ ‘zv, .
.. C F1C.3,' FERTY) S « . '
217 Ponuar(10x,!rLou-RATE',3cx,'=',F1o.3. e
' A ' MSCF/DAYY,/, o LT e
B10X,'THE AVE. TEMP, OF THE' GROUND SURFACE - =¢,
- .C F"C;QS" F"z/' L. : . ’ B
D10X,'THE . TEMP. OF FLOWING STREAM AT SURFACE =t
E F10.3,' pr,, . | e L e
F10X,'THE TEMP., OF THE PRODUCING FORNATION - =1, .
'1G.E10‘3'i Fe,/, R oo .
- H10X,*THE WELL HEAD TUBING PRESSURE . . =0,
I F16.3,v . pstav, ) , T o :
218 FCRMAT (10X, ' INJECTION PROBLEN') - _
219 FCRHATTTOX,'PRODUCTION,PROBLEH'),' . _ , -
225,FoauAT(1ex;rmﬂz CALCULATED EOTTOHPHOLE'PRESSURE', o
1 ' IS THAT WHEN THE ABSOIUTE»DIFFERENCE‘BETWEEN',
2 /,10X,'EARTH AND CALCULATED FLUIn‘TEuPERATUREs',
.3 v oaT THE BOTTOM OF WELL IS WITHIN 0.1 DEG. F .v) & ,
226 FORMAT (/, 10X, ' FIRST COLUMN IS DEPTH IN FEET-,*,/, =
1 1Cx,'sEccwp cor, IS EARTH TEMP. IN DEG, F-.%,/,
2 10X,'THIRD COL. IS CALC, FLUID TENP, INDEG. F ,!
'3 4/,10X,*FOURTH COL. IS CALC. PRESS. IN PSIA .v,
4 /,70X%,'PIFTH COL, IS R* ',y . - . S
227 FORHAT(10X,FGAS.GRAVITY, PSEUDO REDUCED TEMP.,',
1 'AND PSEUDO REDUCED PRESS. ARE $'4/,10X,3810.4),
STOP _ R t N
END _ ' o R R

“i
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FUNCTION F(X)
. Chxkx THIS FUNCTION SUBROUTINE IS TO BE
L CHkk pSED WITH MAIN MODEL AR ONLY -

El

. F IS THE rnucTIou TO BE HIWIHIZED
C E . IS ABSOLUTE ROUGHNESS OF /TUBING IN. Iucuns «
o DIAM IS TUBING DIAMETER IN INCHES. '
o ‘DL ,-IS MONITORED INTEGRATION STEP SIZE IN .FEET
- C * TGEOG IS GEOTHERMAL GRADIENT , DEG. F/ FOOT
. C _PRE IS PRESSURE IN PSIA >~ - o
¢ TEM IS TEMPERATURE IN DEG. RANKIN/u
T - DENS. IS DENSITY OF NAT. GAS IN GM/C.C. -
¢ * REN - IS REYNOLDS NUMBER o
C PRAND IS PRANDTL NUMBER .
C. STANT IS- STANTON NUMBER
C GFTCO IS GAS-PILM HEAT-TRANSFER COEFFICIENT
. C OHTCO IS THE OVERALL HEAT-TRANSFER COEFFICIEN"
. IMPLICIT REAL*B (A n o- Z)
DIMENSION. PRY(S),TRY(S) PRR(S) TRK(S)
CTMMON . /BL3/AVEun/BL13/DIAH/BL1u/sc y
‘COMMON /BL12/PTENC,ZTEMC,PPREC, ZPREC
COMMON /BYL15/0,T8D,PSD,TDD, DEPTH TSOD, DL '
CCMMON /BL6/CON /BL18/H e B
- “CCMMON. /BL30/VMASS~ "
CCMMON /BLS0/MMM .
D1=G.1D-01
D2=0.1D‘C1 ?
"DL=C.1D 02 ~~
.RSIAR=X'
'RR=E/DIAM .
TGEOG-(TDD~TSOD)/DEPTH
c . THE RUNGE KUTTA HERSON INTEGRATION ALGORITHH A
TEM=TSD+0.45967D 03 '
PRE=PSD _ :
TS=TSOD " : . :

" TR=TEMy/PTEMC
PR=FPRE/PPREC
 TEN=TR" ¢
PRN=PR’ ‘
TL=C.0D CO :

WRITE(6,2711) TL, TS,TSD,PRE RSTAR .
1.DC 14 J1=1,5 - * I
IF(J1-1) 2,2,3: - : T
2 PRY(1)=PRN ' . IR T
. "TRY (1) =TRN R _ .
" TS=TSOD+TGEOG*TL oo

3 IF(J1 2)"11,4,5
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. 4 pnr(z) PRN+PRK(1) . . . i
- TRY (2)=TRN+TRK (1) . ¢ ) o
T5=TSOD+TGEOG* (TL+DL/0. 3 01) h e
5 IF(J1-3) 11,6,7 € : ‘ N,
6. PRY (3) = PPN+0 5D OC*PRK (1) +0' 5D OO*PRK(2) o
TRY (3) =TRN+0,5D - DO*TRK (1) +0. 50D, CO*TRK(2)
- TS= TSOD#TGEOG*(TL+DL/O 3D 01) '
7 IF(J1-8) 11,8,9
8 PRY (4) =PRN+0. 375D oo*pnk(1)+o 1125p 0 1*PRK (3)~
- TRY (4) =TRN+0. 375D 00*TRK (1) +0. 1125D 01*TRK(3y
TS*TSOD+TGEOG*(TL*DL/O 2D 01) - ,
2 IF(J1-5) 11,10,
10- ABC1=FRN+0, 15D O1*PRK(1)
[ ABC2—-0. -2

.9 “ABC1=TRN+0.15p C1*TRK (1) o
§ ABC2=-0.45p 0 1%IRK (3) +0. 6D 01*TRK(4) -
TRY {5) =ABC1+ABC2 .
TS=TSOD+TGEOG* (TL+DL) .
.PRJAM=PRY (5) .
TRIAM=TRYA5) S | | -
11 PR=PRY(J1) . . : - : -
TR=TRY (31) R o uh
' TRS=(T5+0", 5967D 03)/PTEMC OEEE .
PEE=PR*PPREC 1 :
TEM= TR*QEEHC

/

Cc. CALCULAT*NG IDEAL HEAT CAPACITY OF NAT. GAS

'CALL KASEM (TR, TEM, SG u cpou) ' £ B .
TRC=TEMyZ TEMC R | - : .

PEC= PRE/ZPREC - L

B4

T ol -CALCULATING COHPRESSIBILITY FACTOR ITS DARTIAL
CcC. - L DERIVATIVES W.R.T. PR & TR + REDUCED
" C SR - DENSITY, AND HEAT CAPACITY DEPARTURE
C GF NAT. GAS -

LN
- o A

' CBLL BWR (TRC,PRC,ITER,Z, DR, CPDH /DEDTR, DZDPR)
IF(ITER) 22,22,12
12 DENS=0, 109256D-02ﬁ1VEHH*PRE/(Z*TEH)
| CPMs =CPDN+CPON | ‘ 5

c L CALCULATING VISCOSITY OF NAT. GAS IN C.P, s

CALL LEE (TENM, AVEHH DENS VISH)
"REN= Q,20010855D OZ*Q*SG/(VTSH*D¢AH)

€. c LATINGi& [E DRAUL
S 2 e

' ¥FRICTION FACTOR
7 Caua mooby (inew, el




C

c

¢

CALCULATING THERHAL COND, OF NAT. GAS
CALL MISIC (TEH DR,CONST, THKH)
CALCULATING THE’PRANDTL NUHBER —_—

PRAND CPH*(VISH/0.1D 03)/(AVEHH*THKN)
CLLCULATING THE STANTON NUMBER AND THE
"GAS-FILM HEAT-TRANSFER COEPFICIENT

2
\"3

B1= FF/O 8D 01
'B2=DSQRT (B1)

ABC3=DSQRT (PRAND)

ABCU= (B1*REN*REN) ¥%G. 27D GO .

PSI=ABC3* (0. 155D 00*ABC4+C.1D 01/B2)
 STANT=B2/(PSI-0.45D 01) .
GPTCO=VMASS*CPM*STANT , o
.01=0.1D G1/GFTCO+RSTAR = - ¥ k
OHTC0=0.1C 01,01

SOLVING FOR THE RATE OF CHANGE OF REDUCED
PRESSURE AND TEMPERATURE WITH LENGTH

CALL QUON(TEM,PRE,TR,PR,TRS,Z, DZDPR, DZDTR
1FF,CPM,0BTCO, VMASS, DPBDL DTRDL anzn)'
IF(NASER 1) 22,13,13 -

13 PRK(J1)—DL*DPRDL/O 3D 01 ‘ L

TRK(J1)'DL*DTRDL/0 3D 01

14 CONTINUE

MONITORING THE INTEGRATION STEP SIZE

ABCS5=PRK (1) -0.45D 01%PRK (3)
."ABC6=0,4D 01%PRK (4)-0.5D GO*PRK(S)
EPR=ABC5+ABC6 - -

ABCS5=TRK (1) ~0. 45D 01*TRK(3) “
. ABC6=0,4D O1*TRK (4)-0- 5D CO*TRK(S)
ETR=ABC5+ ABC6 o

ETEM=DABS (ETR*PTEMC)

 EPRE=DABS (EPR*PPREC)

IF (EPRE-D1) 15,15,16

15 IF (ETEM-D2) 17,17,16

16 DL=DL/0.2D 0% . .

~ 18 IF(ETEM-D2/0. 16D
-19 DL=0, 2Q~ﬂ1*DL R
2C

GO TO 1 -

17 PR=PRJAM-EPR

TR=TRJAM-ETR

TI=TL+DL .~ ' 8

IF{EPRE-D1/0. 16&%%2) 18,20,20
2) 19,20,20

.

PRN=PR
f‘\




. & '
TRN=TR .

25

21
22
23

211
227

PRE=PRN*PPREC

- TEM=TRN*PTENC

TED=TEM-C.45967D 03.

WRITE(6,211) TL,TS,TED, PRE RSTAR
DEL=DEPTH-TL

I1F (DABS (DEL) -0.1D-04) 23, 23, 25
IF (DEL-DL) 21 1,1

. D1=DEL ~

GO TO 1 .
WRITE(6,227)
TED=TEM~0,45967D 03
TEMTL=TED
F=TLD-TEMTL - '’ TN

FCRMAT (10X,5F1C, 2) - '

FORMAT (//, 10X, *#*% THE COURSE OF ITERATIONS Is?

*,' INTERRUP ED *x% /+7X, " *%* THE PROGRAM IS'

*,' GOING TO ANQTHER "RSTAR"**#')

’

- RETURN.
END

142



C*¥** THIS SUBROUTINE CAN BE USED WITH —
Crkkk .-MAIN MODEL AA ONLY . -

o NeNoNe!

nnohonn o

0

cnonnhnnnaan

'

R L

SUBROUTINE AMEIN

THIS SUBROUTINE CALCULATES THE MOLAL AVERAGE-
 PROPERTIES, THE WICHERT & AZIZ CORRECTED
PSEUDOCRITICAL PROPERTIES OF NAT. GAS ,
AND OTHER PROPERTIES L

et = e =

_&THE‘FOLLOHING TERMS BELONG TO .PURE GASES -

s 1Is IHE.SUTHERLAND'CousrhNT IN DEG. K

ve IS CRITICAL MOLAL VOLUME, C.C./GM MOLE . .
VCLC IS CRITICAL VOLUME , CU. FT/ LB. =

2C IS CRITICAL COMPRESSIBILITY FACTOR ‘
GAMA. IS CONSTANT DEFINED BY EQ. 58 IN TEXT - -

' THE FOLLOWING ‘TERMS BELONG TO NAT., GAS
AVEMW IS AVERAGE MOLECULAR WEIGHT

SG IS GAS GRAVITY . - ) S
PPREC ‘15 PSEUDOCRITICCAL PRESSURE IN PSIA -

-PPC"" IS PSEUDOCRITICCAL PRESSURE IN. ATMOSPHERS

PTEMC IS PSEUDOCRITICAL TEMPERATURE,DEG. R T T
PTC IS PSEUDOCRITICAL TEMPERATURE,DEG, K ' -
GAM IS CONSTANT DEFINED BY EQ. 58 IN TEXT E
ZTEMC IS.CORRECTED- PSEUDOCRITICAL TEMPERATURE L
“ZPREC IS” CORRECTED PSEUDOCRITICAL PRESSURE-- | R
IMPLICIT REAL*8 (A-H®wz)

DIMENSION PC(15) - : R
COMHON‘/BL3/AVEHH/BLQ/SEGHA(15)iEOK(15)"\\‘
COMMON /BLS/YHH(15),TC(15),ZC(15),GAHA(TS)
CCHHQN'/BL9/YHOLP(15)/BL10/TNBOI(15)/BL20/S(15)
COMMON /BL11/TEHC(15),PREC(15);VOLC(15)/BLG/CONST T
CCMMON /BL12/PTEMC,ZTENC,PPREC, Z PREC . : ,
CCMMON /BL14/5G/BL18/M. . _ . ' -

R S T . -

N R
PRI .
- M‘, . - . _—

CCMMON ./BL50/MMM -~ . - |
COST1=0.15D 01,0.18D 01
- COST3=0.2D 01/0.3D 01
Y11=YNOLF (1)

Y22=YNOLF (2) : _ :
- Y33=YMOLF(3) i S - - o

- IF(M-1) 3,1,1 . , I '

AVEMR=0,5D 00

PTEMC=0,0D 00

PPREC=0,0D 00 S o

DO 2 I=1,15 ' L .

5 (I)=COSTA*TNBOI (T) e aes. . L
PC(I) =PREC(I)y0.146964757D 02 _ -

+ R -
. ~et . :
PR~ . . . —
B



TC (I) =TEMC (I) /0. 18D 01 . -
VG=0,623826896D 02*YMW (I) *VOLC (I)
- ZC (I) =PC (I) *VC/ (0. 8206D 02*1C(I))
~ Y1=TC(I)**COST2 o ,
. Y2=PC(I)**COST3 A {
GAMA (I) =0, 1D 07*!1*DSQRT(YHH(T))/Y2
S AVEMW=AVEMW+YMOLF (I) *¥YMW (I)
PTEMC=PTEMC+YMOLF (I) *TEHNC (I)
, 2 PPREC'PPREC*YHOLF(I)*PREC(I)
, IF(MMM-1) 10,3,3 , .
(' 10 SG=AVENW/0. 2897D 02 ST T e s e
GO TO 7 : . n
3 AVEMW=SG*0,2897D 02’ o ‘

c. THE BROWN ET AI.. AND CAERR ET AL CORRELATIONS
C . FOP THE PSEUDOCRITICAL PROPERTIES OF
C SWEET AND -SOUR NAT, GASES

. PTENC=0.171137D 03+0. 3137250 O3*SG
*+TCCOR=-0. 8D 02*Y11-0, 25D 03%Y22+0. *3D 03*133
PTEMC=PTEMC+TCCOR o ~
v IF(SG-C.85D 00) 4,4,5 - o :
4. PPREC=C.6951D 03- -C.4D. ‘02%SG
. GO TO 6
5 PPREC=C,704396D ©3-0,51724D 02+SG
“> 6 PCCOR=0.44D 03%Y11-0, 17D 03*Y22+0 6D 03%Y33-
'PPREC=PPREC+PCCOR , |

C° _ THE WICHERT & AZIZ CORRECTED PSEUDOCRITICALS -
. ¢ U " DUE TO PRESENCE OF c02 AND H2S R

7 Si1= YﬂOLF(1)+YHOLF(3)
S2=YMOLF(3) . S ‘ ’
E31=0.12D 03* (S1*%0,9D oo s1**o 16D 01)
E22=0. 1SD~92*(DSQRT(SZ)4S2**4) ’

- E3=E31+E32
SU=PTEMC+52%* (0., 10 01 52)*23
"ZTEMC=PTEMC~E3
ZPREC=PPREC*ZTEMC/S4 -
PTC=PTENC/0,18D 01 .

PPC= PPRuC/O.1u696Q76D 02 :
_GAM= PTC**COSTZ*DSQRT(AVEHH)/PPC**COST3f
CCNST= GAH*O 1u3ua9o7n 06,

RETURN = o D

.END = - L e
LR X o .
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000N 0NA0 anaa

THE HISIC AND THODOS METHODS ARE USkLD TO

SUBROUTINE ulszc (TEM,DR,CONST, THKH) -

THIS SUBROUTINE CAN BE USED WITH
MAIN MODEL AA ONLY : .

THIS SUBROUTINE CALCULATES THE THERMAL
CONDUCTIVITY OF GAs HIXTUBES

CALCULATE THKO THKUb,THKHD AND THKM

TEM IS TEMP. IN “DEGREE RANKIN

DR - IS REDUCED DENSITY. OF GAS HIXTURE

THKMO IS THERMAL COND. OF GAS MIX. AT O PRESS,
THKMD IS THERMAL COND, DEPARTURE

‘_THKH IS THERMAL CONDUCTIVITY OF GAS HIXTURE

: IN CAL/CNM SEC K
CONST IS 10**8*0 27**5*GAH

THE FOLLOWING TERMS BELONG TO PURE GASES

- YMR - IS MOLECULAR WEIGHT

TC IS CRITICAL TEMPERATURE 'IN DBG. KELVIN
2C IS CRITICAL COMPRESSIBILITY FACTOR -

S IS SUTHERLAND'S CONSTANT IN DEG. KELVIN
CPO IS HEAT CAPACITY AT ZERO PRESSURE

o IN CAL/GM MOLE K .

THKO IS THERMAL COND, AT OVPRESSURE

YMCLF IS MOLE FRACTION

IMPLICIT -REAL*8 (A-~H, O-Z) : ' -
DIMENSION a(15,15),SS(15,15), v150(15), .
* THKO (15) ,F (2) ,TRED (15) !
CCMMON /BLu/SEGuA(15),on(15)
COMMON /BLS5/YMW (15) ,TC(15), ZC(15),GBHA(15)
CCMMON /BL7/CPO(15)/BL9/YHOLF(15)/BL20/S(15)
UNITY=0.1D 017 , _ K
-FRAC=2,0D 00/3.,0D 00 - - . o
TK=TEM/0.18D 01 oL _ : o
TKK=TK. S S -
DO 8 1=1,15 ° SR ' -
-TRED(I)*TK/TC(I) o ‘ S
DO 5 K=1,2" - .
IFLAG=K
‘TK/EOK(I)

>

IF(T-0.2D 01) 1,2,2° e

-t

?UTt(uJQ.

F (K) =0.634D oo*(UNITy+o u7sn OO*DLOG(T))
GO TO 3.

F (K)=0.697D OO*(UNITY+O.323D OO*DLOG(T))
IF(TRED(I)-0.2D 01) 4,6, 6 ‘
TK=0.2D 01*TC(I) ‘»

CONTINUE ' :

Y= DSQRT(YHW(I)*TK)
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’ N
VISO(I)—O 26693D- 02*Y*E(IFLAG)/SEGHA(I)**2
IF(IFLAG-1) 8,8,7 .
TK=TKK
VISO(I) VISO(I)*O 5D 00*TRED(I)*F(1)/F(%)
CONTINUE : ,

-D0 11 I=1,15 ,

“IP(X-3) 9,9,10
"A1=0,195D 03*ZC(I) -0.3194D 02

B

A2=0,1683D 02-0.825D 02*ZC(I)

- .A3=0,1524D 01+0.28D_01*ZC (I)
" Ali= (A1*TRED (I) +A2) **A3 -

10

1

THKO (I) =CPO (I) **0, 75D OO*Au/GAHA(I)
GO TO 11

B1=0,1452D 02*TRED (I)-0.514D 01 . : , -
THKO(I)—CPO(I)*B1**FRAC/GAHA(I) L | .

'CONTINUE

DO 12 I=%,15
DC 12 J=1,15

- SS(1, J)—DSQRT(S(I)*S(J))

-C1=(UNITY+SsS (I, J)/TK)/(UNITY+S(I)/TK)
. C2=(VISO(I)/VISO(J))* (YMW (J)/YMW (I)) **C. 75D OC

- C3= (UNITY+S(I)/TK)/(UNITY+S(J)/TK) :

12

25

26

‘13
14

16

17
18

19
. 2C

A (T, J)=0, 25D 00*C1*(UNITY*DSQRT(CZ*CB))**2
CONTINUE o : :
THKMO=0.0D 00.

DO 15 I=1,15 Lo o
. IF (YMOLF (I)-0.1D- -06) 15,15,25 u ]

DUMY=0.1D 01 . .
DO 14 J=1,15 -

IF(YHOLF(J) -0.1D-C6) 14,14,26
IF(I-J) 13,14,13

DUMY=DUMY +A (I, J)*YHOLF(J)/YHOLF(I)
CCNTINUE

THKMO= Tﬂxno+Tux0(1)/nuq!

CONTINUE

‘IF (DR-0.5D 00) 16, 16 17

X1=DEXP (0.535D OO*DR) ' -
THKMD=0. 14D 02*(X1 UNITY)/CONST

60 10 20
IF (DR-0.2D G1) 18,18,19 o _ :
X1=DEXP (0.67D CO*DR) - ‘ L
THKMD=0.131D 02+ (X1-0. 1369D O1)/CONST e

GC TO 20 .- o B
X1= DEXP(O 1155D O1*DR) ' ) Lo
THKMD=0,29276D 01*(X1+0 2016D 01)/CONST

THKM= THKHO*THKHD

RETURN

END.
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SUEROUT;NE SEARCH(F, EPS X, YMIN, YHAX RSTOUT)

Cx#x%k THIS SUBPOUTINE CAN BE USED HITH .

Cakkk EITHER MAIN MODEL AA OR BB. R
C  THIS SUBROUTINE SEARCHES FOR THE VALUE OF

€ . R* OR R¥* WHICH MINIMIZES THE PUNCTION *F'

- IMPLICIT REAL*8 (A-H,0-2)
© EXTERNAL F
. DIMENSION RST(3) TEST(2) DELTA(3)
RST (1) =YMIN -
RST (3) =YMAX
ML=0 '
30 IF(ML-17) 1,1,21
21 WRITE(6,225)
: GC TO 13
1,RST(2)'(RST(1)+RST(3))/0 2D 01 —
IF(RST(2)-RSTOUT) 13, 13 2 o :
2 DO 6 K3=1,3 _
IF(ML) 4, u 3 S
. 3 IF(K3-2) 6,“,6 :
"4 RSTAR=RST (K3)
X=RSTAR
DIFF=F (X) -
IF (DABS (DIFF) -EPS) 13 13 5,
5 DELTA (K3) =DIFF
6. CONTINUE
TESI(1)-DELTA(1)*DELTA(2)
TEST (2) =DELTA (3) *DELTA (2)
DESCN=DELIA(1)*DELTA(3)
: IF(ML) 23,23,24
23 IF(DESCN) 24,24,25
25 WRITE(6,226) —~~ . - :
GO TO 13 . SRR = o
24 ML=ML+1 o L ' '
DO 8 K5=1,2
IF(IEST(KS)) 7,13, 8 . : o :
7 ITEST=K5 Lo E
. GC TO 9 : e : : oo
8. CONTINUE = '
9 IF(ITEST-1) 10,10,11
10 RST(3)=RST(2)
'~ DELTA(3)=DELTA(2)
G0 TO 30 .
11 IF(TIEST(2)) 12,13,12
12 RST (1) =RST(2).
~ DELTA(1)=DELTA (2)
GO TO 30
225 FORMAT (//.,20X, 1rE% NO SOLUTION Is ¢,
**REACHED WITH 20 ITERATIONS **#%1)
226 PORHAT(//,20x,l*** NO SOLUTION Is ¢,

- . \
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*'PROVIDED &0 THIS PROBLEN ##xv) ' "
13 RETURN - ' ' _ -
. END ' '

B
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SUBROUTINE KASEM (TK,TEM,SG,M,CPON)

THIS SUBROUTINE CAN BE USED WITH
EITHER MAIN MODEL AA OR BB

L4

TR - IS REDUCED TEMP,

.TEM, IS TEMPERATURE IN DEGREE RANKIN

SG IS GAS GRAVITY .
M . IS A FLAG INTEGER _
' M=0 : SUPPLY SG,H2S,C02,AND N2 °

M=1 : SUPPLY GAS ANALYSIS

CPOM IS HEAT CAPACITY AT ZERO PRESS. OF NAT. GAS
- CPC IS HEAT CAPACITY AT ZERO PRESS. OF PURE GAS

YMOLF IS MOLE FRACTION _ )

IMPLICIT REAL*S8 (R-H,0-2) ’
DIMENSION A(14)

CCMMON /BL?/CPO(15)/BL8/CPOC(15,“)/BL9/YHQLF(15f

DATA A/0.5596695D: 01,-0.2233480D. 01,

- 0.807265D co,-o.10039on'01,0.31u16qn-01,

J.5758700D 01,0.425860D 00,0.124323D-02,‘
-0.4C5600-01,0.100889D-02,0. 3623622D 0o,

, -0.4661581D 00,0.9757D-O3,0.27082167D-02/
IF(M-1) 4,1,1 : : o

CPOM=0,CD 00

DO 3 I=1,15

CEFO(I)=0.0D 00

.DO0 2 J=1,4

CEO (I) =CPO (I) +CPOC (I,J) *TEM** (I-1)
CEOM=CPON+CPO (I) *YMOLF (I) :
GC 10 5 ‘

B=2 (1).4A (2) *SG+A (3) *SG**2 .
"C=A (4) 4R (5) *SG+A (6) *SG** 2

CECM=B+C*TR

" FC02=0. 1D o1+Yu0LF(1)*(A(7)+A(a)*TEu) -

FH2S=0, 1D 01+YHOLF(3)*(A(9)+A(10)*TEH)
Y1=A(11)*YMOLF(2)+A(12)*!50LF(2)**‘-
Y2:§(13)*YHOLF(2)+A(Iu)*YHOLP(zy**z

~ FN2=0.1D CI+Y14Y2*TEM ,

ok 12T
C ¥k X%
1

2

3

4

5

CPOH=CPOH/(FCOZ*INZ*FH2S)

"RETURN

END
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‘ SUBROUTINE BHR(TR PR, ITER Z,DR, CPDH DZDTR, DZDPR)

C *kokx
C ok k

e XN oo oo R o NoNeNe Ne)

THIS SUBROU INE CAN BE USED WITH

- EITHER MAIN MODEL AA OR BB

TR - IS
PK Is

2 IS
DR Is
DZDTR.IS
DZDPR IS

' CPDM IS

A

WA

V- Y. PR, YT

ITER IS
ITER=0

ITER>Q

IMPLICIT

THE PSEUDO-REDUCED TEHPERATURE

THE- PSEUDO-REDUCED PRESSURE L
THE GAS COMPRESSIBILITY FACTOR L
THE REDUCED DENSITY OF GAS ' - SRR
THE PARTIAL DERIVATIVE OF Z W.R.T. TR

THE PARTIAL DERIVATIVE OF Z W.R.T. PR

THE HEAT CAPACITY DEPARTURE. -

AN ITERATION FLAG

EITHER OR BOTH TR AND PR ARE

OUTSIDE RANGE OF CORRELATION

NUMBER OF ITERATIONS

RERL*8 (A-H,0-Z)

DIMENSION A(8)

DATA A/C.

31506237p CO 1. 0467099D 00,

0.57832729D 00,90. 53530771D 00,0.61232032p CO
0. 10%88813D 00 0. 68157CO1D 00,0. 68406“49D 00/

ITER=0

DR=C. 1D €1

IF (TR-0.1C5D 61) 10,1, 1
IF(TR-0.3D 01)2,2,1C
IF (PR-0.30D 02)3,3,10
DO 8 ITER=1,30

DR2=DR*DR

T1‘(A(1)*TR°A(2)-B(3)/TR**2)§$§

T2= (A (4) *TR=-A (5) ) *DR2

T3=A (5) *A (6) *DR**5
TU=A (7) *DR2/TR**2

TS=A'(8) *DR2 ..

T6=DEXP (~T5) .

P= (TR+T1+12+T3)*DR+Tu*DR*(o 1D O1+T5)*T6

DP1=TR+0,

2D 01*T1+0.3D C1*T2+40.6D 01*T3

DP2=TU4*T6* (0, 3D 01+0.3D C1*T5-0. 2D. 01*T5%T5)
DP=LP1+4DP2 A :
DR1=DR- (P-0.270D OO*PR)/DP

IF (DR1) 4,

4,5

DR1=0.5D CO*DR . . ’
IF (DR1-0.22D 01)7,7,6 L .

DR1=DR+0.

9D CO*(0. 22D 01-DR)

IF(DABS(DR-DR1) -0. » 1D-04)9,8,8 -

DR=DR1

'Z2=0,270D CO*PR/(DR1*TR)

x
’.

T7= (A (1) *TR+0 . 2D 01*5(3)/TR**2)*DR
T8=A (4) *TR¥DR**2

- R1=DP/TR

‘TY=A(3) *DR/TR**2
T10=A (7) /A (8) /TR*%2

e



R2°(TR+T7+T8-0 2p Q1XTUXTE® (021D o1+15))/TR
P2=R2*DR | . N
P3=0.270D" 00/DP ,

Y1=0,3D 01*T6% (0. 2D 01*T10+T4)

R3= (~TR+9., 6D 01 (19~ T10)+Y1)/TR

P4=P2/DP -

DZDTR=2* (P4/DR-0. 1D 01/TR)

DZDPR=Z* (C. 1D 01/PR-P3/DR)

CPDN=0, 198654284D 01*(a3+32**2/31)

RETURN - R

END



SUBROUTINE LEE(TEM,AVEMW,DENS,VISH) ., =

C**** THIS SUBROUTINE CAN BE USED WITH
CHHkk EITHER MAIN MODEL AA OR BY
gae

TEM IS TEMPERATURE IN DEGREE RANKIN
AVEMW IS AVERAGE MOLECULAR WEIGHT -~
DENS IS THE GAS DENSITY IN GRAM/C.C,
VISM IS THE GES VISCOCITY IN C.P,

s NeNeNeXe!

IMPLICIT REAL*8 (A-H,0-2)

"DIMENSION Vv (11)

DATA V/0.94D 01,0.2D-01,0.15D 01,0. 2690 03,
1 0.19D 02,0.35D o1 0.986D 03 0.1D-01,
.2 0.24D 01,0.2D 00, 0.1D 05/ .
- VK1= (V(1)+V(2)*AVEHH)*TEH**V(3) ' T
~ VK2=V (4) +V (5) XAVEMW+TEN ————
 VK=VK1/VK2 . :

VX= V(6)+V(7)/TEH+V(8)*AVEHH

VY=V(9) -V (10) *vX

VY1=VX*DENS**VY. o

VISM= VK*DEXP(VY1)/V(11) :

RETURN | L

END ' S

THIS SUBROUTINE IS THE LEE ET AL. VISCOCITY EQ.|
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C k%

nan0nnnnAa

1

SUBROUTINE MOODY (RR,REN,FF,I)

THIS SUBROUTINE CAN BE USED' WITH |
EITHER MAIN MODEL RA QR BB

"RR IS

REN Is

i;RENéR IS

I IS
= © I=0 ROUGH PIPE REGION S

FF IS

1

THE .RELATIVE ROUGHNESS .,
REYNOLDS NUMBER .

THE BOUNDARY BETWEEN THE
TRANSITION AND ROUGH PIPE REGIONS
THE HYDRAULIC FRICTION FACTOR . -
NO., OF ITERATIONS REQUIRED

I>O TRANSITION REGiON .

INPLICIT

C=D106 (C.
IF(RR) 2,

DIMENSION G(15). L
I=0 T -

REAL*S (A-1H, 0-2)

1D .02) o i
2,1 -

RENCR=C. 32D QU4/RR .
IF (REN-RENCR) 2,6,6 “

' THE COLEBROOK IRANSITION LAH

i £ W

X=C. 8D~O1

DO § I= 1,

15 .

" X1=RR/0.37D 91+0. 251D 01/(kEN*i)
X2=DLOG1C (X1) L

o

FX=0.1D 0140, 2D 01*X*X2

 G0 T0 7

FXD=0,2D 01*X2-0.502D 01/(REN*X*X1*C)
G(I)= SX-FX/FXD

X=6(I) - .
IF(I-1) 4,4,3 - . *
IF(DABS(G(I) G(I- 1)) 0.1D- 05) 5 Set
CCNTINUE .
FF=X*X. C

VON- KAEHAN S ROUGH PIPE FORHULL

'FF=C, 1D 01/(0 2D 01*DLOG1O

CCNTINUE

.~ "RETURN
“.END

(0. 37n 01/RR))*w2 x
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SUBROUTINE Q,UON(TEH,PRE'TR,PR,TBS,‘Z,DZDPR,'
1DZDTR,FF,CPH,OHTCO,VH'ASS‘, DP&QDL, DTRDL,NASER)

C**xx THIS SUBFOUTINE CAN BE USED VITH -, « - - . ‘

R EITHER MAIN MODEL AA OR BB
C THIS .SUBFOUTINE SOLVES FOR,THE RATE OF CHANGE
C OF RELUCED PRESSURE & .TEMP. WITH LENGTH
c &  (SEE EQUATIONS & 6.7 IN TEXTY) - 2 .
, | ) £QU/ _ .: T |
s o o _

IMPLICIT REAL*8 (A-H,0-2) S
CQHMQN./BL1/GASUC,GC,AJ,SLGRE/BL2AIIYPE
CCNMON /BL3/AVEMW/BL13/DIAM = :
_ NASER=1 - ST ' S : v
'~ 0=SLOPE o T . : R
. ~ BETA=0.1D 01 -
- DIAN=DIAM/0,12D €2 : o
; "B1=EETA*VMASS**2*TEM*GASUC S co
PRF=PRE*0 144D 03 coo S o
L2=GC*AJ*PRF**2 - v, , ’ L
A3=A1/22 . ' ] "
_ AU=A3*TEM*GASUC ,
‘ AS=2/PR-~DZDPR o
A6=Z/TR+DZDTR .~ - S T T
ASTAR=~L1*A5* RF#Gc*pRF**sgng*AVEuwyj
BSTAR=A1*A6XPRF ek
CSTA1=-A2*PRF*0/ (Z*TEM*AJ*GASUC) . R
F-A1*Z*PRF*FF/(0.2D O1*DIAN*BETA) . )
CSTAR=CSTAT+CSTA2 , : oo
DSIAR:AQ*A5*z+TEH*TR*GASUC*DZDTR/(RJ*PR*ANEMH)
ey ESTAE=-AB*A6*Z~TEH*CPH/(TR*AVEHH)‘J_‘"' S .
o CHRIS=VMASS*DIAN , , L
P 'FSTA1=CHRIS*0 TR Coel
FSTR2=0.4D 01*OHTCO*TEM*AJ*(TRS~-TR) /(TR
FSTARi(FSIA1fFSTA2)/(CHRIS*EJ)v., ‘
A7;A5TAR*ESTAReBSTAR*DsrAwig Ec
IF(AT) 1,3,1. « - - . R
1'DPRDL=(CSTAR*EsmAR;BsTAR;FSTARj/A7 )
DTRDL=(ASTAR*FSTAR-CSTAR*DSTAR) /A7
IF (ITYPE-1) 4,2,2 e
2 -DPRDL=-DPRDL '~

ES

)

 +DTRDL=4BTRDL Lkl ‘ ,
GC TO 4y .. . T T LI
'3 NASER=Q0 . T . T T S R L T Vo
4 RETURN. =~ 7° «: 5 .0
END t TS
“ . { ;) G
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A‘.‘& . ‘ »":‘!.»',
";" R o .
C********t******#**ﬂ*********************** *‘***’
C*******************“ MAIN DEI BB **w#x ** oK e k *.

C*********t***************** ********i‘! ‘*#
C**  THIS MAIN MODEYL,'BB', REQUIRES. THKP? - A
of LI FUNCTION AND SUBROUTINE PROGR . N
CHx F &€ AMEIN (LISTED IN PAGES TO oy B T
C*ok 'SERRCH,KASEM, BHR, LEE, MOODY . & Quo ISTED BN w,;%jﬁ
C** - IN PREVIOUS PAGES) . , RN SRR 5 A
W‘* R, s ITER
- Se i ,3 o()
C**  HOW TO USE THIS ouPUmER PROGRAH T ]
. . Ty g ' B A
ol ITYPE IS A FD‘G INmEGER P o ie
C ITYPE=C : INJECTION PROBLEN . U R e
C - ITYPE=1 : PRODUCTION PROBLEM . o _
. C M. ~ I§ X FLAG INTEGER , R
c M=0 : SUFPLY $G,H2S;CO2,AND N2 AT :
‘“5 . =1 : SUPPLY Gkg gmALYSIs S .
' MM is A FLAG INTEGER?
C t ﬁ—r_:.vo NOT SHPPLY. PSEUDOCRITICALb ,
C - M=1 : SUPPLY. PjEUDOCRITICALS : -
C MMM IS A FLAG INTEGER L : _
c - MMM=C E~DHASE FLow 5 I ;
c’ LIRS ; wﬂaﬁﬂ SE FLOW A ~ | .
o COHBINATIONS or THE LAG INTEGERS ARE AS EOLLows- . v o *
C ITYPE M MM MMN , DESCRIPTION - '
o 1 1 4 LT O-PHASE ELOW PRODUCTION :
C : " . PROBLEM. SUPPLY GAS COMPOSITICN . ., -
C A . AND SG OF PLOWING STREAM R
o 1 7T 1. 0 ONE-PHASE FLOW PRODUCTION _ T
«C A o ROBLEM, SUPPLY GAS COMPOSITION =
o 1 %0 0 1 TWO-PHASE FLOW PRODUCTION . o
C 4, ' T— - PROBLEM., SUBPLY SG OF FLOHING ‘ e
C S ' STREAM,CO2,N2 & H2S - T
c ST 0 2 ¢ ONE—PHASE FLOW PRODUCTION + L o
c ‘ A PROBLEM, SUPPLY.SG,C02,N2 & H2S . - -
c 5 1 f 1 . 0 |ONE-PHASE FLOW PRODUCTION oo T
c .t . - || PROBLEM, SUPPLY SG, CO2, N2,H2S e .
C : X . -,AND THE REPORTED PTENC & PPREC L /"
: & . .
C ~w.GASUCtIS GAS UNIVERSAL CONSTANT . e - -/

T C " GC IS. CONVERSION FACTOR . V. _'/ .
Ne " AJ IS CONVERSION FACTOR T ’ R [ -
C »° SLOPE 15 SLOPE OF, PIPE SEGHENTS e Ly -é T -
- e R A
C**x  THE FOLLOHING TERHS BELONG TO pURE'GAsES R _9

C’° YMOLF IS MOLEiFRACTION . K . ' Y e

C YMW = IS MOLECULAR WEIGHT - g ° R
C .. 'YMW1' IS MOLECULAR WEIGHT »~ - C T
C ‘< N . \

TEMC IS CRITICAL 'T‘EHP"RATURE IN DEG. RANKIN

Sy e -
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nﬂ»u)q

N

Bwna

‘ mt:rfu{w

TEMC1
PRE"
PREC1
croc

' croct

{2
PTEMC
PPREC
DIAM
DEPTH
TSOD

“TSD
TDD
PSD®
Q

_IMPLIC

EXTERN
DIMENS
DIMENS
" COMMON
' CCMMON
CCMMON
COMMON
COMMON
CCMMON
CCMMON
COMMON
DATA

c}uggg

‘DATA T

-

"DATA C

. O SR o156

1s CRITICAL TEMPERATURE IN DEG., RANKIN-
IS CRITICAL PRESSURE IN PSIA 4 £
IS (CRITICAL PRESSURE IN PSIA ' : :
IS THE FOUR COEFFICIENTS OF THE IDEAL}

HEAT CAPACITY EQ. OF PURE GASES .

(KOBE ET AT. ) .
IS THE SAME AS cpoc -

IS GAS GRAVITY o o .
IS PSEUDOCRITICAL TEMP. IN DEG. RANKIN
IS PSEUDOCRITICAL PRESS, IN PSIA

IS TUBING DIAMETER IN INCHES

IS LENGTH OF TUBING IN FEET .
IS GROUND SURFACE TEMP. IN DEG. F -
IS TUBING HEAD TEMP. IN DEG. F

IS BOTTCM~HOLE" TEMP. IN DEG., F

IS TUBING HEAD PRESSURE IN PSIA

IS TOTAL PLOW RATE IN MSCF/DAY \
IT REAL*8 (A H,0-2)

AL F o

ION YMW™ (15) ,TENMCT (15), PREOM (15)

ION CPOC1(15,4) .
/BL1/GASUC,GC,AJd, SLOPE/BL2/ITYPE ‘
'/hLe/CPOC(15 u)/BLS/Yuw(15) . ;; v o

/BL11/TENC(15) ,PREC(15)
“/BL12/PTEHC ZTEMC,PPREC, ZPREC/BL18/H,>
/BL13/DIAH/BL1Q/SG/BL9/YHOLF(15)
/BL15/9, Tspb,pPsD,TDD,DEPTH, TSOD, DL
/BL“O/VHASS/BL31/HH ’ . )
/BL50 /MMM _ - s
Y10, uu013n oz,o.zso13n 02,0.34G676D 02,
- 0.16043D 02,0.37¢70D 02,0.44097D 02,
$ 0.58124D 02,€.58124D 02,0,72151D 02,
- 0.72351D 02,0.86178D. 02,0.86178D 02,
- 0,10021D 03,0.10621D 03,0.11423D (3,
EMC1/0.54757D,.03,0.22727D G3,0. 67237D 03,
0.34304D 03,0.54976D 03,0.66568D .03,
- 0. 734655 03,0.76532D 03,0.82877D .03,
 0..84537p 0'3;0.89550D 03,9,91337D"03,
|0.95467D 03,0.97247D 63, 0.10239D ou/

DATA PREC1,0.1071D 04, 0 4930D 03,0.1306D 04,

0.6678D 03,0.7078D 03,0.6163D 03,;

0.5291D 03,0.5507D 03,0.4904D .C3,

C.4886D 03,0.4366D 03,0.4369D 03-
. 0.3965D 03,0.3968D 03,0 3606D 03/
POC /o saftnkoq, 0.6903D- 01, 0.7G70D 01,
0.4750D. 0%, 0,1648D 01,-0. 9660D oo, B
-0. nsgon”o1, 0.,9450D 00,-0.2273D 01, .
0.16180 ﬁl,‘@\9081D oo, 9.1657D 031,
-0.26069D 01,-0431899D 01, 0.35844D 01,
279 e111n-cz,—o 2oesooon 03 o 1737777n-oz,A

S ! v ““"‘_;_
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0.30589

HNDOPOZ XL HT @

0.38343
¥ GC=0.32174D
-GASUC=0, 1545
© AJ=0.77816D
SLOPE=0.1D 0
‘DO 5 I=1,15
YMW (I) =YYMW1 (
TEMC(I) =TEMC
PREC (I) =PREC
DO 5 J=1,4

5 CPGC(I,J)=CPOC1(I,JLI

WRITE(6,2C8)
"WRITE(6,202)
"WRITE(6,213)

WRITE (6,205)

WRITE(6,214)-

-

1,

8“D°09'704 11

. -0.45€9602D-09, -0, 2989535
-~ 0.2043895D-08, 01433470

0.1731824D-08, ©.28484220°08, 0.2362825D-08,
62D-08, 0.2614881D-08, 0.3060012D-C8/

02 ,
Doy ¥
03 s
v 4

$%i§ ;9=.L9-;

1(T)

i

. (YMW(I),TEMC

((CPOC (1,9),3=1,4) ,1=1,15) S

(I) , PREC (I),I=1,15) -

. 157

. 0.2291111D-01, 0.4043888D-01,
1, 0.4929444D-G1, 0.6907777D-C1,
D 0.7843494D-01,_0,7327777D-01,
01, €.8315605D-01, 0.9502444D-01,
go¥D-05, 0.5956790D-C6, 0.4209876D-06,
0.9351851D+06,-0.4722222D-05,-0.1158950D-C4,
-0.1695987D-04,-0.1351851D~04,-0,2190432D-04, -
-0.1655864D~-04,-0,239690D-04,-0,2112345D-04, »
-0.3089506D-04,-0,2373148D

~0di,, - 0. 2742592D-04,
9,-0.1348936D-C9,
-0, 0,%299725p-(8,
=0%,70.2719478p-08,

i

L . v

.

.
b )/

.égjﬁAL 3, CARDS. GAS COMPOSITION.EACH CARD HAS
= '/ THE MCLE FRACTIONS OF 5 COMPONENTS. THE
~© .ORDER OF COMPONENTS IS AS FOLLOWS -

€02,N2,H25,C1,C2,C3,I-C4,N-CY,I-C5,N-C5,
I-C64N-C6,I-C7,N-C7,N-C8 , * = - o
IF GAS COMPOSITION IS- NOT AVAILABLE,

. SUPPLY 3

REAL (5, 206)
WRITE (6,215)

WRITE(6,207) (YMOLF (I),I=1,15)

READ 1 CARD ( COMBINATION OF FLAG INTEGERS -

BLANK. CARDS .

. RND SG,PTEMC & PPREC )

READ(S,éOQ)'ITYPE,u;un;uuu,sc,BTEHC,?pREc

(YMOLF(I) ,I=1,15) R

\REAL 2 CARDS % WELL PRODUCTION DATA') =~

READ (5,20€) DIAM,DEPTH,TSOD . .
4D (5,206) Q,T.SD,PSD,TDD '
SQATYPE) 121,2

R

\



" F10,3/ EEET" )
217 FORMAT(10X, ' FLOW RATE ,30X,'=1,710.3,
A4 MSCE/DAYY,/, : .
“B10X, THE AVE, TEMP., OF THE GROUND SURPACE - =t

T | : 159°

C F10.3, I XA

- D10X, 'THE TEMP. OF FLOWING stﬂhu AT SURFACE =,

E F10 3' . P'f/'

F10X,!THE TEMP, OF ‘THE_PRODUCING FORHATION 5=f, ,
6 F10.3,0 Fe,, e ! oL
H10X, 'THE WELL “HEAD TUBING PRESSURE. =,

T F16, 3,V 5 BSTAY, /) o A

218 FORHAT(10¥"INJECTION pnoaz@u')

. 219 FORHAT(10meEBODotTIon.pnonLEu,

225 FORMAT (10K¥YTHE. CALCULATED BOTTON-HOLE PRESSURET,

1" Is THAR-HEN THE .ABSOLUTE" DIFFREENCE BETWEEN',
2 /,1ox,'EARf ARD CALCULATED FLUYN.JEMPERATURES®.,
AT THE BOT 'er "WELL I8 WITHIN 0.1 DEG. F.').

226 Fd%uAT(/.fbx,-F GQROBN. TS nﬁgga:in FEET WY
N

1 10X,*SECOND COL. sv%an&ﬁ “TeNININ DEG. F. LY,/ ,
2 10X, *THIRD COL. IS CALC.:FLUID .TEMP. IN DEG. F.' =

'3 ,7.,10X,"FOURTH COL. Is, CALC. PRESS. IN PSIA o

-4 /,10X,*FIFTH COL. IS R** «'/) L

227 F AT (10X, *GAS GRAVITY, PSEUDO REDUCED TEHP.,
1 D PSEUDO REDUCED BRESS. ARE -'—¢?10x 3R40. ﬂ)

SNm L o B

END ' N BT
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‘FUNCTION F(kf«

"c**** THIS FUNCTION SUBROWTINE 1§ TO BE 

CH¥kk USED WITH MAIN MODEL BB ONLY
C F-. - IS THE FUNCTION TO 'BE MINIHI&ED
c E .IS ABSOLUTE ROUGHNESS OF TUBING IN INCHES
~C DiAM IS TUBING DIAMETER IN INCHES
~C .p1 IS MCNITORED INTEGRATION STEP SIZE IN FEET
- C ‘TGEOG IS GEOTHERMAL GRADIENT + DEG. F/ FOOT
C "PRE IS PRESSURE IN .PSIA | o ]
C - TEM IS :TEMPERATURE IN DEG. RANKIN .
o DENS IS 'DENSITY OF NAT. GAsS IN GM/C.cC.
C REN IS REYNOLDS NUMBER.' . -
.C

OHTCO IS:”HE OVERALL HEAT*TRANSFER COEFFICIENT

IHPLICIT REAL*8 (A-H,O- Z)
DIMENSION . pR!(S),ng(S) PRK(S) zRK(S)
COMMON /BLB/AVEHH/ L1 /DIAH/BL1H/SG/BL18/H
CCMMON /BL12/PTEHC ZTENC,PPREC, 2PREC
- COMMON /BL15/Q,TsSD, psn TDD DEPTH TSOD DL
~* CCMMON /BL30/VMASS "
COMMON. /BLSO/HHH
D1=0.1D=01 : R .
D2=0.1D-01 - . ST L
,DI=0.1Dp 02 . = o . - o
"E=O..6D'°3b T "h". - ) ._—)' o o . ~
RSTAR=X A o ‘ "
RR=E/DIAM -
'TGEOG;(TDD-TSOD)/DEPTH'

'C .. THE RUNGE KUTTA -MERSON. INTEGRATION ALGORITHH

TEM= TSD+O u5967n 03 :
PRE=PSD - . } .
TS=TSOD o ‘? ‘ ' '
TREN=TEM/PTEMC
PRN=FRE/PPREC
"TL=C.0D €O
"~ WRITE(6,211) TL, rs TSD PBE RSTAR
1 DO 4 J1=1,5 - ,
IF(J1- 1 2,2,3 B o
2 PRY (1) =PRN = : : - .
TRY (1) =TRN -
TS=TSOD+TGEOG*TL
3 IF(J1-2) 11,4,5,
4 PRY(2)= PRN+PRK(T)
P TRY (2) =TRN+TRK (1) - .
. B ms= TSOD+TGEOG*(TL+DL/O 3D 01)
5 IF(J1-3) 11,6,7
.6 PRY(3)°PRN+O 5D OO*PRK(1)+O 5D oo*pax(z)
- TRY(3)= TRN+0 5D oo*TRK(1)+o 5D OO*TBK(2)

SRy

N o 25
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U

TS=TSOD+TGEOG* (TL+DL/0,3D 01) ,
7 IF(J1-4) 11,8,9 ‘ .
e PRY (4) =PRN+0, 375D ‘00%PRK (1) +0. 1125p 01*PRK (3)
TRY (4) =TRN+0, 375p OO*IRK(1)+O.1125D.01*TRK(§)
TS=TSOD¥TGEOG*(TL+DL/O.2D,01)... e ]

|9 IF(I1-5) 11,10,14 -
.10 ABC1=PRN+C.15D Q1#pRk (1)

RBC2=-0.45D 01*PRK (3) +0. 6D 01*PRK (4)

PRY (5) =ABC1+ABC2 . . '

ABC1=TRN+C.15D 01*TRK (1) S .

ABC2=-0.45D 0 1%TRK (3) +0. 6D O1*TRK (4)

TRY (5) =ABC1+ABC2 . - SN
' Ts;rsoﬁ+TGEos*(TL+DL)

PRJAM=PRY (5) . o

TRJAM=TRY (5) -

. DI -
b - e !

11 PR=PRY (J1)

 TR=TRY (J1) . :
TRS= (TS+0.45967D 03) /PTENC
PRE=PR*PPREC . SR
TEM=TR*PTENC o ,
'CALéULATING‘tIDEAL“HEAT’CAPAciTY OF NAT. GAS '

CALL KASEM (TR,TEM,SG,H,cpoM) . ol

o TRC:TEH/ZTEHC‘ N
. - PRC=FRE/ZPRECTI- .~
* CALCULATING -COMPRESSIBILITY FACTOR,ITS PARTIAL - ..
. :DERIVATIVES W.R.T. PR & TR ,REDUCED o
T OENSITY, AND BEAT'CAPACITY DEPARTURE -

. CF NAT, GAS - 4
- CALL BWR (TRC,PRC,ITER;Z,DR,CPbH,DZDTR,DZDPB)
(IF(ITER) 22,22,12 . o L
12 DENs=O.14925826D-02*AVEMH*PRE/(Z*TEH)'f
- CEM=CPDM+cPONM - = . e :

CALCULATING VISCOSITY OF 'NAT. GAsS IN C.P.

- CALL ‘LEE IiEHiAVEMﬁ,DENS,VISH) _
REN=0.20014855D 02%0¥sG,/ (VISH*pIAN)

CALCULATING THE HYDRAULIC FRICTION PACTOR

CALL MOODY (RR,REN,FF,I) -
Ul=RSTAR - .
- OHTCO=0.1D 01,u1

SOLVING FOR THE RATE OF CHANGE OF REDUCED
PRESSURE AND TEMPERATURE WITH LENGTH - -
CALL QUON(TEH,PRE,TR,PR,TRSJZ,DZDPR,DZDTR, ‘

'1Pf,cpu,oamco,vuAss;Dpanl,nznnL;NASER)



.13
14

,‘MCNITORING THE INTEGRATION STEP SIZE

e

If(NASER 1) 22,13,13
PRK (J1) =DL*D®RDL/0. 3D 01
TRK (J1) =DL*DTRDL/0. 3D 01
CONTINUE

ABCS=PRK (1) =0 45D 0 1*PRK (3).

ABC6=C, 4D O01*PRK (4)-0.5D 00%PRK (5)

EPR=ABCS+ABCS&

ABC5=TRK (1) -0.45D 01*TRK(3)

ABC6=0,4D O1*TRK(4) -0, SP OO*rRKjS)

ETR=ABC5+ABC6

ETEM= =DABS (ETR*PTENC)

~EPRE= DABS(EPR*PPBEC) '

IF(EPRE-D1) 15,15,16
IF (ETEM-D2) 17, 17 16
DL=DL/0.2D 91 '
GC %0 1 ,
PE=PRIAN-EPR

TR=TRJAM-ETR

35
21
22

23

21
1227

%x-

TL=TL+DL

IF (EPRE-D1/0. 16D 02) 18,20,20
IF(ETEM-D2,0.16D 02) 19,2020

DL=0.2D 01*pL = .

‘PRN=PR

TRN=TR °

PRE= PRN*PPRLC
TEM=TRN*PTEMC"
TELC=TEM-9,45967D 93

WRITE(6,211) TL,TSiTED,PRE RSTAR.

DEL=DEPTH-TL
IF (CABS (DEL) -0, 1D-0 4) 23,23, 25
IF(CEL-DL) 24,1,1

DL=DEL :

GC TO 1 :

HRITEﬁ6w227)

TED=TEN-C.45967D 03 ,
TEMTL=TED i .
F=TCD-TEMTL - - . :
FORMAT (10X,5F10. 2)

.\.:

ST :
/ woR 162

FORHAT(//,10X ¥ Xk ok THE COUFSE OF ITERATIONS ISt

RETURN

END o o

-

i
|

|-

,? INTBRRUPTED XRKY L /) T, YKk THE PROGRAM Is'
GOING TO ASSUME ANOTHER "RSTA&"***I) ‘ -

o
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SUBROUTINE AMEIN
C#*** THIS SUBROUTINE CAN BE. USED WITH . o
CCokkkk . HAIN MODEL BB ONI.Y ' ' - :

THIS SUBBOUTINE CALCULATES THE HOLAL AVERAGE .
' PROPEKTIES AND THE WICHERT & AZIZ CORRECTED
PSEUDOCRITICAL PROPERTIES OF NAT. GAS’ .

Q0N

AVEMW IS AVERAGE HQLECUL*R WEIGHT

SG IS GAS GRAVITY: v

PPREC/I PSEUDOCR;TICCKL PRESSURE IN PSIA

PTEMC PSEUDOCRITICML' TEMPERATURE,DEG. R L,
ZTEMC IS CORRECTED PSEUDOCRITICAL TEMPERATURE - °

ZPREC IS‘COBRECTED PSEUDOCRITICAL PRESSURE

‘Aannnan

IMPLICIT REAL*S - (A-H,0-2) _—
COMMON /BL3/AVEHH/BL5/YHH(15)/BL9/YHOLF(15)
‘CCMMON /BL11/TEMC (15) ,PREC(15) \

CCMMON /BL12/PTEMC, ZTEMC,PPREC, ZPREC
CCMMON /BL1u/se/8L18/u/BL31/uu |

COMMON /BLS50/MMM _ \

- Y11=YMCLF (1) , ‘
_¥22=YMOLF (2) . o S e
Y33= YNOLFJQ) R ‘ . L ‘I'

~ IF(MMM-1) 0 3,3

.1C IF(M-1) 3%

17 AVEME=0. 0D400v , - o
PTEMC=C.CD 00 - ' .
PPREC=0,0D 00 _ , ; o

DO 2:I=1,15 . - ' o o
AVEMN= AVEMH+YMOLF(I)*YHW(T) A o
PTEMC=PTENMC+YMOLF (I)*TEMC (I) , !ﬁ??&* :

2 PPREC=PPREC+YMOLF (I)*PREC (I) : < ov
‘SG=AVEMW/(.2897D 02 : ' . .

"~ .6C TO 7 ‘ _ ' O

3 AVEMW=SG*C,2897D 02 o ' - . .

- IF(MNM-1) 11,7,7 - R : - x

" THE BROWN-ET AL AND CARR ET AL CORRELATIONS
, FOR THE PSEUDOCRITICAL _PROPERTIES OF
\. SWEET AND SOUR NAT. GASES | .

nno

.11 PTEMC=0.171137D 03+0. 313725D 03%SG
- 'TCCOR=-0,8D 02*%Y11~-0, 25D 03*!22+o 13D 03*Y33
PTEMC=PTEMC4+TCCOR .
, IF(SG-0.85D 00) 4,4,5
4 PPREC=0,6951D (3- c uD 02%s6
. GG TO 6
5 PPREC=0.7G4396D 03-0,51724D 02
6 PCCCR=0,44D .03%Y11-0.17D 03*222+0 6D 03*!33,
PPREC—PPREC+PCCOR ' .
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. : s v
THE WICHERT ¢ RZIZ CORRECTED 'PSEUDOCRITICALS
DUE TO PRESENCE OF CO2 AND H2S

ST=YMOLF (1) +YMOLF (3)
S2=YMOLF (3) - _
E31=0,12D 03% (S1**0,9D 00-S1**0, 16D 01)
E22=0.15D 02%* (DSQRT (S2) ~S2%*4) :
E3=E314E32 - o

SU=FTEMC+S2* (0. 1D Q1-S2) *E3
ZTEMC=PTEMC-E3 ‘
ZPREC=PPREC*ZTEMC/S4
RETURN S

“END '



