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ABSTRACT

Most reservoirs are hetcrogencons in nature, Reservoir hetcrogeneily can be in the
vertical direction (layered reservoirs) as well as in the radial direction (composite
rescrveirs). Floid flow is comphealed for the gas reservoirs because of the inertial and
turbulence effects and the pressure dependence of gas properlies, This study develops a
seini-analylical model for pressure transient analysis of heterogeneous gas reservoirs.
Reserveir heterogeneity has been censidercd by drawing upon the layered and composite
nature of the reservoirs. The diffusivity equation has been solved as a generalized
eigenvalue problem utilizing the pseudopressure and pseudotime schemes. The model
takes into account the high wveloeiry effects, wellbore slorage and skin, and different
possible inner and outer boundary conditions. Finite formation damage can also be

modeled.

The model has been validated by comparing the results with those of somc analyiical
models and simulalion resuits published in the literature. Different schemes for
calculating high velocity effects have been studied and cvaluated. For the same amount of
skin, both thin and finite damaged zone responses have been compared. Both thesc
rcsponscs have been found to be quite different for certain cases. All possible outer
boundary conditions, partial penetration and botom water condilions may be studicd. [ts
application is enormous in the feld of pressure transient analysis of gas reservoirs. This
versatile model, to my knowledge, includes more features for pas reserveirs than any

other previously published pressure transient models.
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1.0 INTRODUCTION

all the more for newer alternatives for energy generation to curb the present crisis. Even a
few decades back, n the developed nations, the notion of using natural gas as an energy
source seemed to have ndiculed many. The scenario has now changed completely; thc
reason being not only the ncreasing demand for energy bui also the increased awareness
of the people and the govemments for an cnvironment {Hendly fuel. These factors have
enhanced the use of natural gas, and nol surprisingly have cscalated its price as well. The
scenario in Bangladesh is quite different as natural gas is the most imporant natural
resource of the counfry. Scound reservoir engineering judgment and techniques in
identifying (he reservoir characteristics and controlling the produclion play a significant
roie to meel the present deinand and maximize the recovery of Lhe gas in place. Pressure

transient analysis is an imporlant tool for such reservoir characterization.

L

Pressure Iransient analysis deals with penerating and measuring pressurc variations with
time 12 wells. These pressure profiles are subsequently used for the estimalion of rock,
Muid and reservoir properties. Information like rescrvoir pressure, penmeability, porosity,
reserves, reservoir heterogencitics, welthore volwne, damage, and improvement and other
relevant data may be obfained from pressurc transient analyses, All this information can
be used fo assist in analyzing. improving and {orecasling reservoir performance. Pressure

ransient testing technigues, such as hwldup, drawdown, injectivity, faliofT, and

j"c



interfcrence, are dmportant pat of pressure  transient analyses for reservolr

characterization.

The focus of this study is the pressure fransient analysis of beterogeneous gas reservoirs.
A semi-analytical model has been developed 1n -thé preseni study 1o investigate ithe
reseivolr hetlerogeneity and also some other significant single phase [md [ow
pheneimnena like inertial or turbulence elfect and variation of fluid properties. This model
has the potential fo study numerous reservowr conditions — partial penctration of  the
wells, the cllcct of water coning, edge- and boltom water drives, pseudosking, ele. This

model can also be used lor automatic type-curve matching.

A number ol arcas have been investigated wilh this model. The eflect of different
paramcters {wellbore storage coefficient, skin, velocity cecfficient, {low rate, initial
pressurc, permeability and ouler boundary condittons) on the pressure transicnt responscs
of homwogencous reservoirs are investi gated.. Pressure transicnt responscs for finite
formation damage have been examined. Layering effccts have been studied for both the
commingled and non-commingled reservoirs. Effect of layer ordering is also studied for
multilaycred reservoirs. Some compostte rescrvoir pressure transient responses have been

analyzed.



2.0 LITERATURE REVIEW

Pressure transient analysis of pgas reservoims is complex as compared to that for ol
reservoits; Lhe reason being the variations of viscosity, super-compressibility factor or
gas deviation factor, and fluid compressibility with pressure and temperature.  Thesc
variations make the governing partial differential cquation nonhnear for gas. Further
compiications arise due te different flow regumes. For the flow of real gascs through
porous media, the inertial and turbulence effects are very important when [ow ratcs

hecome high,

Evidently thc pressure {ransient analysis of a homogeneous gas reservoir is a difficut task
in hand; rescrvoir helerogeneity makes the task even more inldcale. Sincc reservoir
deposition occurs aver a geologic period of time, most of the reservoirs are heterogeneous
in nature. Reservoir heterogencity may oceur in the vertical direction with the presence ol
layers and n the lateral direction having different zones of Muids and/or Hthofacies n
the reservoir. Figures 2.1 and 2.2 show a lavered reservorr and a composile Tayered
reservoir respectively. A composite Javered reservoir situation occurs when all or some of
the layers have two or more regions of dilferent rock and/or (luid properties. '[he
horizontal lines show the layering while the arrows indicate the presence of crossllow.
The layers may be commupicaling or non-communicating. When the layers arc
comimunicating, formation crossflow is present. When the non-communicating layers
have communication only ihrough the wellbore, the reservoir is calied ‘comminglad

reservoir’. Apart from the natural causes { change in the depositional enviromments,
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Figure 2.1 : Layered reserveir with interlayer crossflow

Figure 2.2 : Radial, layered compasite reservoir
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tecionic activilies, faulling, folding, etc.), compositc layercd reservoir may result from
dilferent ficld operations. For an oil eservoir, secondary and terliary oil recovery
methods create compesitc zones. A gas reservoir may be of composite nature because

ol tectonic activities, formabion damage, acidizing, etc.

Study of pressure {ransient analysis of hetcrogencous gas reservolr systems is scarce in
literature, although numerous studies have been reported for oil reservoirs. Lormation
crossflow 1s a key aspect of the oil reservoir models. Formation crossflow (Gao, 1984)
has been modcled mainly by two metheds : pseudo-steady state erogsllow and transicnt
crossfllow, The pseudo-steady statc crossflow assumes the resistance to crossflow is
conbned to the inter-layer boundary and the flow is horizontal within each layer. This
cssentially reduces Lhe two-dimensional problem to an onc-dimensional one. ‘The

transient crossllow method utilizes a two-dimensional diffusivity cquation for each Iayer.

Far real gas [low through porous media, a large number of studies have heen reported
deahny with diffﬂrcnt;aspccts of modelmg like development of pseudo-variables, high
velocity eiTect (1.e. nertial effect or turbulence effect), etc. Variations in the viscosity and
the  super-compressibility factor were first incomorated wvia KirchollT ({1894)
transformation which, in the parlance of petroleum engincering, is known as real pas
pseudopressure. This approach was {irst conceived by Al-lHussainy et o/ (1966). The
concept of pseudo-time came in 1o allow the variation of compressibility of real gases.

Agarwal et al (1970) first introduced this concept. The high effeets are modeled by a

quadratic equation which was first suggesied by Forchheimer (1901), Various studies



i
have been focused on the high velocily eflects of real gas flow through porous media,
tnertial and turbulence effect. Smith (19G1) obtained an empinical correlahion to allow the
high velooity phenummrm. Swifl and Kiel {1962) corroborated Smith’s nolions. Geertsma
{1974) and Firoozabadh and Katz (1979) presa'rllted the correlations [or the coefficient of
the velocity squared term in the Forchhenmer equation for dry was reservowrs. Lee ef af.
{1987} attempted to quantify the “turbulence intemsity” by iniroducing a ncw
dimensionless number called the “Torchheimer nunber”. Oren ef el (1988} quanufied

the effects of wellbore storage along with those of skin and turbulence mtensity.

For multilayered reservoirs, the pressure fransient analysis with 2 constant surface flow
rate introduces variation in the contribution of cach layer. This variation reflects the layer
properiies. Hence, any analysis ba‘;e:d on a constant surface fow rate will nol be proper.
Ii1 such cases, a superposition scheme on Lhe {;hangmg fractional flow rate is reguired.
The use of a convelubion scheme based on Duhamel’s (1833} inlegral formula is a
ralional approach for the superposition. Chu and Raghavan (1981) have applied the
method winle stud}'lng- the effect of commingled lavers on interference tesis. Whitson
and Sognesand {1990) studied methods for incorporating high velocity clfect in the
convelution scheme.

i
Osman and Mohammed {(1993) atlempted to incorporate most of these features (high

velocity cffect, wellbore storage and formation damage } for a multilayered gas reservoir.

Their maodel could handle only commingled infinite boundary gas reservoirs. They did

k]



not consider crossfllow between layers or the possibilily of the composite nalure of the

rescrvoirs. Detail discussion of this paper is given in Section 6.7.



3.0 STATEMENT OF THE«PFROBLEM

The limited literature on the pressure transient analysis of hetemgencous gas rescrvoirs
corroborales the need to take up studies on this topic to have a beller undersianding of the

subject. From the perspective of Bangladesh, which has a number of mult:ilayered and

heterogencous gas reservours, this work is certainly a cognate enc.,

Primarily the objectives of this work arc
s to develop a semmi-analytical model {or a multilayered composite reservoir to
gencrate pressure transient responses
s toidentify the parameters affecling the pressure transient responses
+ loinvestigate [inite formation damage responses
» to analyze the muliilayer reservoir tesponses by lavering heterogeneity

+ to cxplore composite reservolr responses

In this study, it will be allempted to mniegrate ‘all the alforementioned phenomena for real
gas flow and incorporate the cffccf-of reservoir heterowenetly 1 lerms of the layered and
composite nature of the formation. This study 15h4:mld be able to develop a versatile semi-
analytical model to examine these effects, This model should be able to investigate the
eflects of different plaramcters like finite fmlmatinn damage or skin cffect, composite
nature of reservolr, layering eflccts in a multilayer reservorr, paﬁi al penelration of wells,

boliom- and cdge- water drives, ele.
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4.0 MODEL DEVELOPMENT

4.1 Model Formulation

This study is an extension of the work done by Gomes {(1994) which was based on the
pressure trangient analysis of composite layered oil reservoirs. The present study is a
similar kind of werk {or gas reservoirs. From the discussion in the preceding chapters, it
is quite apparent that the properly vanalion of the gas, high velocity effects and the
varation m the layer contribution aver time are the key aspecis of this present work.
Undertaking the pseudo-pressure and pseudo-time approach, the property varation of gas
15 handled and the laminar selution is obtained in 2 similar manner, the oil solution is

obtained by Gomes (1994).

To account for the high velocity elfect, s study assumes supcrposition of the high
velocity effect on the laminar pressure responses. This method is nol uncommon.
YVanous other investigators underiook similar approach (Raghavan, 1993, Les ef
af,1987). A radial composite layered reservoir, with a symmctrically located well
penetraling the reservoir, as shown in Figure 4.1, is considercd in this work. The well is

assumed to he producing al a constant surface fow rate.

The crossflow has been considered by the pseudosteady-state formation crosslow model
(Gao, 1984). Anbarci ef af. (1989) approach has been taken as the initial step to solve the
prohlem. The discontinuily boundanes in each laycr have heen verlically extended

across all the layers, This results in zoning each layer of an n-laver reservoir into m

L L]
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Figure 4.1 : Schematic of an n-layer compasite reservair in a radial geometry
with two different rock andfor fluid types in each layer
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rcgions depending on the number and location of the discontinuity boundaries. So the
reservoir is divided inte n » m blocks wilh each of them identified by (i,)), where i
represents region and j layer. Different zones may have different rock andior fluid
properties. If the locations of the discontinuity boundaries are distinct, (here will be

m=ntl regions in each of the layers. Layers are assumecd to have constant thickness

throughout the reservoir,

Pscudosteady-state crossflow  model, pmpnscd' by Gao (1984), 1s used to modcl the
crossflow between the layers in the reseivoir, The crossflow resistance is assumed to be
conlined o the interlayer boundary. The uppermost and the bottommest boundaries are

considered to be closed.

The pseudopressure, first introduced by Al-Hussainy ef af. (1966), and pseudotime,
introduced by Agarwal et al. (1970) concepts have been adapted. Other assumptions for

the development of the mathematical modcl are as follows :

1. Grawvily effects and capillary forces are considered fo be negligible.
2. The laminar salution has been ohiained by censidering Darcy’s law.

3. Prcssurc and flow continuity across Lhe zone interfaces.

The dertvation of the low equation is as follows .
The continuity equation is

w:f(pE]:—@f", SERT

11



Swilt and Kiel (1962) formulation of the Forchheimer equation is ,

- Sk

p= kP (42
H o
where & I S [4.3)
1+@|T~|
J7.
and the gas law ,
pif
=S L X
P= 7 [4.4

Combining ihese equations leads to the pressure differential form , the diffusivity

equaticn,
1 Gy - &
- rovi= 2 \ ... [4.5
r&(p) 2 (%) [4.5]
l_i(;-ﬂﬁ@}:f[;ﬁﬂ] ﬁ L [4.6]
roae\ ZRT g &) @V zZRT
ili(riﬁrk@]:i(ﬁﬂ] , . [47]
v\ ozu iodn oz

Now introducing the pseudopressure, Al-Hussainy et al. (1966),
" .Hp
=2 1—dp ..[48
»{r) J e (48]

and dillerenbiating Equation [4.8], it is obtained,

Ar) _2p .. [4.9]
& 2
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MNow chain rule 1s applied to obtain,

gn_on &
e N
@ zZit
& Epr}‘

Simulatly,

dn_ n p

A G a

P _
A& 2pi

Introducing equaiion [4.11] and Cquation [4.13] into Equation [4.7],

! 2oa)-a2(s2)- (8}
¥ o as z doiz)
The dehnilion of the fluid compressibility is,

_1a zRTﬁ(pMJ_zc?(pj
T pd pM BRI pdpiz

Combining Equation [4.14] and Equation [4.15], it is obtained,

z 3

13[;-(&;; ..] 2wZLE_, z_f"@_ ol ey
g i Mz &

Introducing the pseudolime, Agarwal ef afl. (1970},
k 1

t, = ]‘CL(EI’ .

13

- [4.10]

. [4.11]

. [4.12]

. [4.13]

. [4.14]

. [4.15]

. [4.16]

. [4.17]



where X, and X;; arc defined as follows :

2
X, = . U By
R -
— | 4| -
k k.
L 1k
2
= . L [425
GRS h
— + JE—
k, iy k, t.h-1 '
X-'fj'.rr =10 for 1=1,..m, .. [4.26]
X, =0 for 1=1,..m. ... [4.27]

"y
The laminar fow Equation {4.23] is flrst solved with the approprale conditions which are
m the pressure farmulation as follows :
Initial Condition ({IC) 15 given by,
p.Ar0) = p,- | . 14.28]

Inner Boundary Conditions (TBC) for constant Now rate arc given by,

Pur = pllj(r“,,r)—ﬁ;(r%‘i] lor j=I,...n, . [4.29]
g= e, zﬂr“):[@] [@W . [430]
& RN T A

The Outer Boundary Conditions (ORC) can be thesc three following conditions ,

Infimie OBC

Pr, = P r—® j=1,...0, . [431]



Conslant Pressurc QBC

pm,_,u"_“'pm r=re,r ..]:]:- -0,
Closed ORC
'
—h"" =0 r=r, 1=1,...n
(}

Interface Conditions

At the interfaces, pressure and pressure derivative are same for all zones. So,

pr..r = .Pr+'I“l'

:
fﬂpr_r H HE._," (&;Ill.f_

& (;m) &
2y

Defiming the following dimensionless variables |

=4

,
4 -Z '
2rlkh
i'?!”” ﬂg I);T‘;(m:u _m._,.) *
27{ih T
Mg = é )Eﬂ;( n mwlr’)a

... [432]

.. [4.33]

. [4.34]

[4.35]

. [4.36]

. [4.37]

. [4.38]

. [4.39]



the following is obfained,

LG 440}
24

ﬂf_:_ﬁrﬂ(;] . [441]
An,  2x I \kR)

an, zﬁﬁﬂﬂ_w[éjiﬂ”ﬂu . [4.42]
& 2 T NkR v, By

g'm, =_£f&[i)irf’"ﬂw . [4.43]
& 2 T, \kh/r, &

My __ L2 i’,b_“(;] 1 9, . [4.44]
A, 2r T, \gh) s, Ao -

Introducing these dunensionless equations, the diffusivity equation [4.23] becomes |

oy |2 L T, Q0 15,
2wl (k) By 2w ke B

Q0 Ip, 1 %, 0 Tp,
=(¢ }E.j zm:. -?{:, (EJ &; _X,dw EE(H]%(PHQ' _-“?ID“)
— Xy, Eﬁ(QEJ z{:‘ (mﬂu my .]

where, K., = (E) ,



(#),, .. [4.47)

@, ==,
- {#)
A e (4.48]
L= .4
Xﬂur:
W T .. [4.49]

-,

The 1mihal and boundary conditions in the dimensionless pseado units witl be as ollows:

Imtial condition , Equation |4.28],

#y (0)=0 i=l,..m  j=l...n. ... [450]

IBC, Equation [4.29],

fi
m, =m, -5 2 =1,...n .. 451
I, I I {ﬂ'ﬂ .] [ ]
Equation [4.30],
?(%IJUH Q TF“— I'f-z I E I
A, | 2alkh) T \2p) A5 ghSlcn
" an
+ER?:,,Z[EJ ( D"f] Q:- Uz [Fz] [l] :
-1 H 1,4 {}D zﬁ(k']l:) Tsr 2p i ke
i, # 3,
1= Do : . [4.52
n 'i-%,,ﬂ ;’ﬁ,; &D . [ ]
T; -4}
since g=0—tx — il .. [4.53]
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C1
where C,=——

anf[f;hﬁ)c |

The OBCs are given by,

Iafinite OBC

Constant Pressure OBC

mﬂn,; = D rLJ = ?'."I.T.. J:I,

Closed Boundary QOBC

e
"I}'Ul._r

- n
L

Interface conditions, Equations [4.34] and [4.35] , become

"”D,J = mﬂm.: Yo =Ty =1
&""u.r ‘:}??D, g )
= M, Py = Fopy i=1, ... m-1
(}b (}D
(kh}r'ﬂ.j
where, M =T

(i),

The solution scheme of the diffusivity equalion [4 45] along with the boundary
conditions have been sought in the Laplace spacce which is a convenient approach. The

Laplace transformations of Equations [4.45] , [4.51], [4.52] and [4 55] through [4.59]

are as follows { Laplace vanable £):

P

= { T =hp =1, ...

.. [4.54]

. [4.55]

. [4.56]

. [4.57]

. 14.58]

.. [4.59)

. [4.60]



o,
&

1
+ -

OMip,

o ok

I3Cs
- — r?-'?m, :
o, =M, =3, =1,
¥,
i _
i,
— = Cpimn I K,
L3 _r }
i=1 ¥
m“‘“f —'] rD_:":C' j-__]'\
Constant Pressurg OBC
o, =U fy = Fp i=1
(?mn.j .
L =) K, =T 11
- i iy 1
i, w
Mo, =Mp,, . 1, =, 1=1,
Emp, amn,,,
= , - Iy =T
. = n 0
i, Ydy ’

20

} =, Mo, I+ ’14..; (m,::” Mo, J + ’1'3:.: (mﬂ..,. —nin _r_]) .

L [4.61]

.. [4.62]

. [4.63]

- 14.64]

.. [4.65]

.. [4.66]

. [4.67]

=1,..m-l j=1,..n...[4.68]



This diffusivity eguation, Equation [4.617, has the form of modified Bessel’s eguation |

thus has a solution of the following form

o, = A_Kfon)+ B T{am) . .. [4.69]

Introducing this selution, the icfl hand side of the Lquation [4.61] becomes

Frmn, 1 m, =
K, m;J,u. L Loma, =K, 0 Mn, . .. [4.70]
(}D rFJ ra‘.'j

Thus the diflusivity equation , Equation [4.61], now becomes

Ay 1m0, —w0, f Ay = Ag Ve, +Ap Mo, =0 LL[47]]

This equation having the form of the generalized eigenvalue syslem. has a non-trivial
solution if and only if its coefficient matrix is singular (Ehlig-Feononiides and Joseph,
1987}, The coefficient matrix is an n = m by n x m tridiagenal matrix. As pointed out by
Gomes and Ambastha (1992), this matrix can be divided into m smalier real-symmetric,
positive definite indiagonal matrices, where the o acts as the eigenvaluecs that arc
always posilive. The determinant of each of these matrices is an nth order polynomial in
o’ from which n eigenvalues can be oblained. Hence the general solution for cach zone

can be wnitten as :
my,, = i[fir’ff K (otr,)+ B, In(crf;"n)J . 1472
=]

Constants Af , and B,f ; can be split into the following equations (Gomes and Ambasthy,

1

1992),
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AL, = EF 4 .. [4.73]

LI |

and
3 L Y
B, =E! B, . [4.74]
where £ ; 18 the eigenveetor for region [, and this eigenvector can be calculated from

Equalion [4.71]. The above constants are detenmined frem the boundary conditions. The

general solution for region 1and layer j becomes :

By Z[Afi ofoin )+ BRE, (rr'jrn)]. .. [4.75]

The 2n » m conslants can be delermrined from the boundary equations.

The solution is [irst compuied without considering the wellbore storage which is later

accounted for. The inner boundary condition, without wellbore storage, bocomes:

o, =§[(A:Eﬁj ot} B8, 1ot )|-s ot (4B, & (o) B, fu(”””

i=1...m. ... [4.76]
——ZKHZUI{A Ef, K(ot)- BEEL, ;,[gf)] [ R % )
tw|
Infinite OBC now hecomes,
Z[A Ef K fate,)+ BLEY [n:,r,:,)] 0 row j=1,..n. .. [478]

For the pressurc to be bounded for infinite OBC . Equation |4 78] , mathematically leads

to Lthe following equation :
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Y Bi=0 i=l,...n. ... [4.79]

Constlant pressure OBC becomes,

S [ AL, Kfoim, )+ BEL, Lot J]=0 i on 480l

Closed OBC is,

mm,r

i[A:E:JE[Jﬁ,rDu)+H*E* 11(0;?’”“)]:(] i=1,..n. ... [4.81]

The interface conditions yicld :

?H:I:[ArkEfj Ku[ﬂf*‘a,,)Jr szE:r fﬂ(ﬂ-?rﬂ..—)} = g[‘{ilﬁiu X (Jfﬂrﬂ }]
- =

Z[Hf”Efm (gfﬂrﬂﬂ)] i=1,..m-1  j=1,..n, ..[482]

S[atrs lotre )-8 1fotn, )= BB, Kot
1

k=

[Eﬁ: Eﬁ:
k=1

[ S 1) W)

ern )] =1, ... m-1 J=1, ... n. ... [4.83]

The above boundary condilions give a total of 2n x m simultancous equations. solution

of which gives the 20 x m unknown constants { A*_ , B* ).

The preceding solution imodel gives the laminar [ow solulion in dimensionless

pseudopressure for any dimensionless pseudotime. This scheme is a very efficient onc

: - .
o

masmuch as for a reservoir with 5 layers § zones, (his model requires the solution of only

23



60 (= 2x3x6) simultancous cquations, Assigniﬂg a conslant boundary at the bottommaost
layer, this model can handle bottom-waler drive also. This model can treat any irregular

shaped boundary by dividing the reservoir into a number of mathematical layers,

4.3 Incorporation of the High Velocity Effect :

Vanous 1nvestigators (Forchheimer, 1901, Smub, 1961, Swifl and Kicl, 1962,
Waltenbharger and Ramey, 1968, Geerfsma, 1974, Firoozabadi and Katx, 1279, Ding
1986, Lee ef @l 1987, Oren ef af 1988, Whiison and Sognesand, 1990, Civan and Evans,
1991, Osman and Mohammed, 1993, Raghavan, 1993) havce studicd extensively (he high
velocity effect. Raghavan (1993) has fonmulated high velooity pseudo-dimensionlcss

pressure drop as follows
—
ﬁﬂ?(ﬂ}”h :Dq.\f _‘-"_2 1 [484'
e
where the extra subscripi *N” implies non-Darcy or high velocity responses, 1, 15 the

radius of the small region in which the high velocity flow exists and

MBY o1y

... [4.85]
2RT, .7h

fr=a,

Tn this approach, it is assumed (hat stabilized steady flow exists in the regionr, <r<r_,
that 15 {he mass of fluid slored n this region 15 constant over time. The author also

commented that the integral in Equation [4.89] may be approximated with
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Iff_rﬁ;[i_l] . [486)
r HLE,
A number of options for computing £ studied by Ding (1986) are as follows

A= H,,

-~ Mot 1

H=p=""" ... [4.87]

Lee ef af (1987) sugpested that the above approach violates the material balance

principle. Their extensive rescarch modified the high velocity pressure responses with a

correlating factor C, . Their proposad solution 15 of the form.

Amlp) . = CP{at Yase - .. 14.88)

The comrelating paramneter, C,, depends on the product of dimensionless Mow rate, g,

and lurbulence intensity, Ny, for each [low regime, specifically as [ollows,

Lanuar :

Transition :

Turbulent :

0<g,nN; <01, D=0

C =1, ... [4.89]

0lsq.,N, 10,

C[ =(1—i]f;, .. [4.90]
}"‘.

10 <q N,

lCl =[1_:|_w] ’F,‘:r(qacﬂNr)_nﬂ“ ' [491]
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Pl L [4.92]

where =a '
Tren g fﬂ‘f,.fiTLEM[Pr]
K By mp. )
J.'l'r? =HHT!;?; . ...[4.93]
H
F# =20 . [4.94]
i

They defined the product of dimenstonless [low rate and turbulence intensity as the

Forchheimer nuimber, N, .

NFl:l = qs:DXNT " -t |.495]

The definition of turbulence factor, D{p) is as follows,

D)=y L2 [P .. [4.96]

b7 our

In this study, both of these melhods have been investigated along with their
maodilications. Lee e ol (1987) approach is found to be more dependable. In their
approach, the ngorous mitegration of Equatien [4.2¢] i1s not undertaken, instcad the
ntegration 1s simplified by D{p,); the result is found 1o be almost similar (o that obtained
by their finite difference simulator . So their procedure 15 adapled. The equations are

modified to incorporale the reservoir heterogeneity,

In the compuiation of high velocity solution with .cither of the above methods, the
velocity coelficient, B, has to be applied. Geertsma {1974), Fimvozabadi and Katz (1979)

and few other investigators {Civan and Evans, 1991, Fredenck and Graves, 1994) have
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studied this factor. From some experimental sludies, Geertsma {1974) found that this
coefficient is a function of the reservoir permeability and porosity for a dry gas reservoir.
Firoozabadi and Katz (1979) have given a2 number of options to measure §; among which
one, used in the present study, is quite frequently used. Other investigalors have only
slightly modificd these comrelations depending on their experimental lindings and the
presence of multiphasc. One pont io note is that, Geersma (1974} correlation 1s suitable
mainly for unconsolidated sands which may have poresity variation, while Firoozabadi

and Katx (1979) correlalion is suitable only for compacted sandstoncs.

Geersma’s {1974) relation is -

g = .. [4.97]

i it 1y ' ' ... [4.98)

4.4 Convolution Scheme for Layer I'low Rate and Tncorporation of Wellbore

Storage :

For a muliilayered reservoeir, the laminar solution and high velocity solution have been
determined for a conslant surface flow rate. But for the surface flow rate Lo be constant,
individual flow rale from the layers will change wilh the time and pressure because of
wellbore storage effect and layer property va:riatin:n, T'o take into account this variation in

the layer fractional flow rates a superposilion scheme is required. The use of a

27



convolution scheme based on Duhamel's (1833) integral formula is a rational approacl.
Some of the investipators (Raghavan, 1993, Whitson and Sognesand, 1990) have used

this scheme. This scheme also satisfies the inner boundary condition with weilbore

storage.

Literally, convolution scheme is a mathematical teol to lind the value of sume dependent
variable while some other dependent varable is changing simultaneously with ihe
independent variables. This tool can be used when some means are available to compute
the values of the desired dependeni vanable with the changes in ihe independent

variables when the other dependent variable 1s kepl comstant.

Denoting mg,(ry,tp) as the pseudo-dunensioniess pressl.urc: distribution as a result of the
well producing at a conslant rale, the variablc flow rate may be incotporated using the
gencral convolulion property (Churchill, 1972). The pseudo-dimensionless pressure
distribution wiith this flow rate variation wilt be given by ( subscript p has been omitted in
the following equation for t; )

foa

{rusty) an t)my, (ry, t)dr . [4.99]

FH

Equation [4.99} may be wrilten in vicw of the initial condition as

Iy

mu{rﬂ,rﬂ)= !qﬂ(rﬂ r]mm(rmr)u’r
. . [4.100]

= mﬂ(rﬂ, _“gﬂ{ )mm( Foof ’, f)n’r,
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wherc < i

LT - .. [4.101]

Fid)
1hr
dt,

Intcgrating by parts, Equation [4.100] may bec written as for flowing well pseudo-

dimensionlcss pressure
my, () =gp{0+)my, { Iqﬂ r)m,, (r)dr . ... [4.102]

Partitioning (Churchill, 1972) the total time interval under consideration 1nto

subintervals, such that O=t,<t,...<t<t, ..t =t, thc Equation [4.102] becomes

a Fryan
. { ?} = Z _I.‘?u{f]m:m (Ju _f)df ' [4 1[}3]
J=0n
Now, there should be some means to compute q,,(t). Assuming g{t) to he approximated

by a lincar combination of the rates at t; and ty,,, a time ?:;,- {Churchili, 1972) may he

chosen, such that

o= H;rﬂj + (] _H;)rnm » ... [4.104]

.

where 0= HJE 1.

Tgnoring the truncation crrors, Equation [4.103] may again be approximated by

my (t5)= i}jqﬂ[}}y )[mml_[rf, —tp )=y, (1 —"m)] . ...[4.105]
J‘:

which [= equivalent to .
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=i

my { ) ‘?n( nn)mm (D}+
J=

45 [ D,l-u) gﬂ( u;)]mnun, (In_rn_.-ﬂ) ' [41[]6]

For the case of multilayered reservoir, this general convelulion scheme should be hitle
modificd to accommmodate the fractional flow rate of each layer, the high veloeity cllcct
and the wellbore storage. Taking the suggestions by Whitson and Sognesand (1990} and

using 8,=0 in Equation [4.104], the convolution scheme is formulated as following

o, {to) = =— {f(r;J,}m,J,J(t,)}+Z[f L S| LI (2 em)}

A ]KM( o) =12, ... 1, - [4.107]

L.

where ) denoles the layer and the sehseripts ‘L' and ‘N’ in pscudo-dimensionless
pressure denote laminar solution and high velocity solution respectively. Rearranging

Eqguation [4.107], it becomes

Mo g (ID - fﬂn] o (rﬂ}
K

f,-(‘fn} =

Ly 1.f iy

"y, (£}

+_[f[f[,;m, m)]mﬂ ity — m)]. ... [4.108]

Now Equation [4.108] should be solved salislying the other inncr houndary constraint

which mcludes also the wellbore storage :

1=C, —§~+Zf(fuj | C o [4109)

n ,rf-i L
. ‘s r ,
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Using the following approximation in the above equation,

ditt,, ™y, (tp )=, {150

\ . [4.110]
d'!b £y — i
Equation {4.109} becomes
C d C
2, (to)+ 2 i) =14 —2—m, (tp,} - L4
In = Ypm =1 Ly =¥ o

So the system of Equations [4.108] and [4.111] may be written in the fonm
Ax =D . [4112]

where the cocfficieni matrix may be writlen as

.0 1
0 d, 1
0 0 .. 1
A=l. . . |, L[4 113
d 1
11 1 f]
_Jﬁ(fﬂ)r .Clr
,fl(rﬂ} 5
=| |, b=| " |, L [4114]
fe{ru) ﬁ]‘
| 70, (10} | £]
where d,= _Poills =10 ) * M lin) L 4115]
K\ ,
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I
c, = ;[Jr.r('!m)mpl@. (fp}+fll-(h_,,l)m”‘“(f” —;”")]

E[ff{fﬂkﬂ ] -1, (fm )}'”D,E,,r('fﬂ _fm)

+ 4= L [4.116])
R‘u
C
f=—, _ . [4.117)
rﬂ_r.un
g=1+ 1 my, {1,). [4.118]

To solve this set of simultaneous equations [4.112] , as the inilial fractional flow rates

aind pressure drops are zero, the following is used
fltm) =0, Moltw) =0, 1,=0. - [4.119]

The numencal procedurc vields accurate answers if 22 points per log cvcle arc used
{Onur ef af., [286). For any cycle the points arc

t =t (1+0.2K), . [4.120]

toek =4(3 +L5K), . [4127]
for K=12,..,10,

Loy = L8+ ), . [4.122)

for K =12

4.5 Sclution Methodology

The pressure responses for a composile mullilavered reservoir arc obiained from the

preceding discussion. To arrive at the final response, the following scqnences of sieps are
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followed. Figure 4.2 illustrates a flow diagram showing all the sequences and inter-

conneetions belween the steps of armiving at the final solulion.

4,51 Solution Methodology for Laminar Solution

Steps involved to solve the laminar flow Equation [4.72] arc :

* Trom Equation [4.71] eigenvalues and eigcnvectors are calculated using appropriate
subrouting from the IMSL Math Library (LI set’s Manual, 1994).

* From the boundary conditions, 2nxm simlﬁlmeous equations are set up and solved
using (Fauss” elimination routine from the IMSL Math Library (Uscr’s Manual, 1994)
for the constants A" and B.* .

+ Dunensionless pressure in Laplace space is calculated using Equation [4.72] and then

numerically inverted into real spacc using Stehfast (1970) algoriibn .

The compuiation process involves iterated caleulation of Bessel's functions. Very small
and large arguments of Bessel’s finctions might cause overflow problem. To avoid this, a
dimensionless radius , rp,, is used based on the minimum front radius, R,, instcad of
nondimensionalizing them based on the xvellboga radius. Also the exponentialed form ol

Bessel’s function is used for the overflow problém.

4.5.2 Computation of real variables :

In the next siep ihe real variables are obtained by the following proccdures :
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Figure 4.2 : Flow Diagram showing the sequences and the interconnections
between the various schemes of the model.
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First, the pseudopressures and pseudolimes are obtained by algebraic manipulation of

Equation [4.38] and Eguation [4.39],

2| kh T
”!D = [ )_x-(mm - mu_-;f) ER - [4.38]
" ¢ Ip,.
t( kh + F
op ==, : . [4.39]
2\ ' -
: ¢ Ip ‘
with M, =M =gy oo (4123
T ) T j
h
£, = rpn’f[ﬁ L (4124

Now from the definition of pseudopressure,” Equation [4.8], the pseudopressure is
obtained for any comresponding pressure. For which, some corelutions for
compressibility factor and viscosity of real gases are used. I'or compressibility factor, the
options are the lwo correlations © Dranchuk and Abou-Kassem (1975} correlation, and
Hall and Yarbormough (1973) corrclation. For viscosity, thc options used arc the two
corrclations @ Lee, Gonzales and Lakin (1966) comrelation, and Carr, Kobayashi and
Buirows (1954) comelation. Then an inlerpolation scheme is used to have the value of

pressure for any corresponding pscudopressure. |

Now by algebraic manipulation of the definitior of pseudotime, Lguation [4.17], the real

time is ohtained,
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f
1
to= [—ar L [417]
d L',[c,u

‘The ahove equation is transformed into

1= le(p u(p, )t . . [4.125]

(SR

For this scheme a correlation is used for isothermal compressibility of the gas with
prossure and the commesponding pressure values arc used for any incremental pseudotime
values obiained from the laminar solutions. Matlar, Brar and Aziz (1975) correlation s
used for the compressibility computation, So all the real vanables are oblamed. For any
dimensionless pseudolime, the corresponding . laminar pressurc drop and real time are

determined.

As the real time 1s known, conventional dimensionless real time can be computed using

the following dehmtion of dimensional time,

kit _
by ==——75 - {4120
e pic) 1,
The radius of investigation is also computed using the delimition -
Gooasr, . L [4127)
-

W

4.5.3 Solution Mecthodology for High Velocity Solution

-y

After caleulation of real vanables, the high velocity elfect i incorporated undergoing

1

the following steps :
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For any dimensionless pseudolime, the corresponding laminar solution 1s laken as the

initial guess in the iteration process io evaluate high velocity responses.

For (his initia] guess, the real variables {pressure, time) arc measured and the radius of

investigation is delermmed.

Equivaleni permeability and porosity along the radial dircction arc cvalnated (o
incorporate reservoir helerogeneity in the computation of the velocily coefficient f.
For calculating P, the options are either of Geerlsma {1974) or Firoozabadi and Katz

{1979) relation.
With the computed [, the turbulence intensity, N;, is measured from Equation [4.93].

For the constani flow rale the dimensionless low rate, .., is determined, and from
the produet of this and the turbulence iniensity, the Forchheimer number, Np , is

ablained.

For ilus value of Forchheimer number the low regime is determined aceording lo the
Equations [4.89], [4.90] and [4.91]. Delermining the flow regime, the corclating
paramcter, C; is  Viscosity ratio, F , is calculaied from Equation [4.94] using the

present wellbore pressure and corresponding fluid propertics.

Having measured the above quantities, D(p;) is measured from Equation [4.96]). The
integration is performed for each zone separately as the wvariables of integration

remain comstant in any zone or region.
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1o 22 2] (28). {225]

m = zone up to which radius of investigation reaches o |4.128]

+ Now lhe pseudopressure drop duc to inertial and turbulence effect is measurcd from
Equation [4.88] and the total pseudopressure drop is computed from the Feualion
[4.129]. 5

am{p) . =C e g, , ... [4.88]
and

AR(P) 7, = B p),,, + ), - [4.129)

This total pscudopressure drop 1s now taken as the next approximation and the whole

exercise is repeated until the pseudopressure drop converges

4.5.4 Solution Methndology to Incorporate the Convolution Scheme with Wellbore

Storage :

The steps involved in the laminar solution (Section 4.5.1), real variable determination
(Scction 4.5.2) and high velocity responses (Section 4.5.3) are undertaken for each layer
for a mullilayered reservoir. For sach layer, the clements of the matrices defined in
Equation [4.113] and [4.114] are deteonined and stored sequentially. The simultancous
equations in Equalion [4.112] arc sel up and “solved using Gauss’ elimination rouline

[rom the IMSL Math Library (User's Manual, 1994) for ihe {inal wellborc dimensionless
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pscudepressure and also Lhe [ractional flow rate from each layer. This scheme has been

adapted in such a manner so that it takes into account the wellbore storage cllecl.

4,55 Derivative Determination :

Having obtained the final wellbore pseudo-dimensionless pressure using the preceding
schenies, the derivative of the pseudo-dimensionless pressure is determined. A simple
scheme is nsed for the computation. The algorithm uses one point before and one point
alter the pont of inlerest, takes the difference of these two wvalucs, and divides the
diflerence by the mierval. This valuc is updated by taking a narrower interval within a

tolerance value. I'or every log cycle the interval is modified by an ainplification factor
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3.0 MODEL VALIDATION

The present study develops a semi-analylical model for composile multilayered eas
reservoirs. Not much work has been donc on gas well testing of heterogencous reservoirs.
The validation of this semi-analytical model 15 done by generating some homogencous
reservoir responscs and companng them with familiar pressure trans)ent responses for the
corresponding homogeneous cases. Homogencous reservoir siluation, which is a subsef of
the general reservoir model, is 5im511::1ted by assigning same permeability, porosity and

thicknecss valucs for each of (he regions and layers.
I

Al-liussainy et af. (1966} correlated the solutions for Mlow of ideal gases in homogencous
reservolrs with hiquid flow  sclutions by -:I,ﬂmputlng the wviscosily term in the
dimensionless time at the imial pressure. High velocity elTect is nol considered in their
work. Tigore 5.1 shows a compunison of ]mﬁinar responscs (i.e. without any high
velocity effecty of the prescent StLIId} with A]—Hus;:;iny et al. {1966) solutions. The
inangles and the dots show Al-Hussainy ef af. {1960} responses and the solid lines show
responses from (his sludy.  The fgurc suggests that the laminar selutions are nol
functions of the flow rate inasmuch as the change in the flow rate does not change the
dimensionless laminar pressure responscs. In faet, the laninar responses arc exactly equal
to the liquid solutions This figure aiso shows the efTect of the closed boundary rescrvoir

on the laminar solution. Value of the dimensionless outer boundary radius used here is

48(1). Bounded reservoir responses are the sume as that of the infinite reservoir uniil the
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41



pressure responses reach the outer boundary when it deviates from the infinite-acting
solution. Wattenbarger and Ramey {1968) uscd a numenical model to generate solulions
for real gz;.s {low problems in homegengous reservoir conditions. Their model included
fonnation damage, wcllbore storage and high velocity cficet. Figure 5.2 shows the
influence of inertial effects on the responscs of ..infinite acling homogeneous gas
reservoirs. The inangles and the dots show Watlenbarger and Ramcey (1968) resuits and
the solid ines show responses from this study. Figure 5.2 shows that the resulls [rom this
study cxactly match wilh those of Wattenbarper and Ramey (1968) for different [low
ratcs. Ttlﬂs figure also reveals that with the increasing flow rate the pressure drop
increases, whereas for the laminar responses, dimensionless pscudopressure drop is not a
function of [ow rale as shown in the fipure. The solution has been generaled for a

constant [} factor {10° t* } and homogeneous rescrveir permeahlity of 100 mD.

Simulating a large of real pas flow situations, L::e et af (1987) sugpested a new appreach
to modify the turbulence factor, D{p), in the exfsting literature of high velocity ellect, by
a corrclating parameder, C,. They validated iheir new approach by the responscs
generated with a finite*difference simulator, Fipure 5.3 compares the responses ol (his
meodel with the selutions generated by Lec ef «f (1987). The iriangles and the dols show
their generated results and the solid lines show responses from this study. This ligure also
shows the effect of turbulence intensity, Ny , on the wellbore pressure responses. Tho

responses have been generated for a constant dimensionless flow rate of 0.01. It is worlh
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Figure 5.3 : Comparison of this study with Lee et al. {1987} solution
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mentioning here that in this study responses have been generated for different sets of
mmitial pressure level and penneability, but the responses are found lo be same for a
particular turbulence inlensily level. The reason for this is that the responses depend on
the turbulent intensity, which depends on ), velocity cocfficient. The velocily coefficient,
in fum, 18 a funclion of permeability and porosity (Geerisma, 1974, Firoozabadi and Katz,
1979). Thus, if the turbuience intensity is changed by arbitrarily changing [} irrespeclive
of the reservoir properties, the responscs u.;ould not reflect the actual reservoir

characteristics. Hence, il 1s not sensible to arbitrarily 1ix a constant f {or the turbulence

intcnsity level) and change the permeality and porosity.

Lee e wf (1987) could not handle wellbore storage in their model. Their medel was
extended by Oren ef al. {1988} to include effect of weilbore storage. Oren ef al. (198%)
used an cxponential decay factor multiplied to the solution oblained by Lee ef af. {1987).
ligure 5.4 includes the combined effect of welfbore storage and skin, The responscs of
the present work ere comparcd with those oblained by Oren ¢f ol {1988}, The dots show

thear resulls while the selid lines show responses from this study.

{smnan and Mohammed (1993} have studied multtlayered commingled reservoir and have
generated a number of figures for certain layer helerogeneilies. Some discrepancies are
there in their generated responses, Their repsoning docs not seem Lo be plausible. This is

discussed later (Section 6.7) when (he effects of layering arc discussed in detail.
L
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6.0 RESULTS AND DISCUSSIONS

The present study develops a scmi-analyticat model for the pressurc transient analysis of
heterogencous gas reservoirs. Elfects of various reservoir situations can be studied with
this modecl. This model has the potential of .. performing many n-deplh studies of
composite lavered gas rescrvoirs. In this study, ouly a few impottant sensitivity studics
have been done. First, different paramcters are studied Lo observe their eflect on the
pressure transicnt responses for homogeneous rescrvoir situations. The parameters,
studied, are effects of skin and wellbore storage, velocity coefficient, flow rale, 1mtial
pressure, permeability and fimte formalion damage. Laycring cffect, closed boundary

cffect and some composite reservair responses are stadied subseguently.

6.1 Effect of Wellborc Storage and Skin

Initially, the gas produced at the surface comes from the wellbore For these very early

limes, the plot of dimensionless pseudopressure and pscudetime has a uvnit slope.
Duration of this wellbore storage dominated period depends on the welibore storage

K

coeffictenl, which is a [unction of the weltbore storage volume and the compressimhily of
the gas On the other hand, skin effect 15 the effect on liin; pressure transgient responses due
to the altered permeability region surrounding the wellbore. A high value of skin implies
adverse permeability condition in the wellbore vicinity, Thus, the pressure drop will be

higher for higher skin values. The effect of skin is accommodated here by the thin skin

approach {Crafl and Hawking, 1991).
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Agarwal type-curves show the varilatiun of xw.:ellhnm storage and skin for an infuute-
acting homogencous reservorr with the well located in the center. Similar higure (Figurc
6.1} is generaled illustrating these effects using the present model. This figure has been
gencrated for a dimensionless flow rate of EJ,{}EI:? , imtial pressure of 3000 psia, reservoir
penneabilily of 250 mD and the Geertsma (1974) correlation as the velocity coefficient.
Agarwal lype-curves arc net dependent on th-:;_-se paramcters as they depict the liquid
solution. On the contr;;ry, the gas responscs are affected by these paramelers. Figure 6.1
shows the same trend of pseudo-dimensionless pressﬁrc with pscudo-dimensionless time
as in the Agarwal type-curves of dimensionless pressurc with dimensionless time. The
figure shows that higher the value of the skin, higher is the pressurc drop. The effect of
welibore storage is also shown in the figure. It is evident from the figure (hat early lime
pressure drop decreases with the increase in the wellbore storage coefficient. This 1s

hecause tncrease in wellbore storage coellicient implics increase in the wellbore storage

valume for which the sand face pressure depletion is retanded.

“

6.2 Effect of Velocity aor Turbulcnce Cneﬁicient {8

Various tnvestigators have given l};mr views on high velocity effect on the {luid Mow
through porous media. Geertsma (1974} and Firoozabadi and Katz (1979} were among
the first to develop some corrclation of fhﬂ: velocity coefficient with the reservoir
permeability and porosity. Later, investigators Civan and Evans (1991} , Frederick and

(iraves (1994) and others have found the dependence of this coefficient on the flnd
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Figure 6.1 . Effects of wellbore storage and skin on pseodo-
dimensionless pressure responses for an infinite
aclting homogeneous reservoir.
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saluralion ioo. They have come up with different empirical relations. In many pressure
transient  analyses, Ihe studies werc taken up with arbitrarily fixing the velocity
coelficient, [, irrespective to the reservoir permeability, porosity and saturation In this
study since omly gas rcscrvoirs are amalyzed, the question of flud saturation is not
considered. Hence the Geertsma (1974) and Firoozabadi and Kals {1979) cotrelation are

used. The cffeet of assuming constant p is also investigated.

Figures 6.2, 6.3 and 6.4 show the effecl of the velocity coelficient on dimcnsionless
pseudopressure and derivative responses for a homogencous, infinite-acting resenoir
with skin value of 0, 2 and 5 respectively. Thesc responses have boen generated for a
constant dimensionless flow rate of (.01, with reservoir porosity 0.25, permeability 250
mD, inibat pressure of 3000 psia‘ami wellbore storage coefficient 1000, From the
responses, 1t 1s apparent that the Fircozabadi and Katz {1979) correlation gives a higher
pressure drop than the Geerlsma’s (1974) one, for the reservoir situation depicted here, [t
is also evident from the figurcs that constant B approach does nol reflect the actul
reservolr condition. These responses may be quite dilferent from the actual reservaoir
responses {(certsma, 1974, or Firoozabadi and Kalz, 1979, responses). These figurcs
indicate that a valuc of 107 ' for B might be feasonable for the above stated reserveoir
candition. lor these values of permeabitity, porosity of the reservoir the [ coefficient

Irom Geerlsma (1974) correlation is aboul 62834791 [t whereas from Firoozabadi and

Katz (1979) correlation it is abbutl 3.451?><1tif}"”ﬂ". From ihe correspondmg semi-log plots

I i

of the pressure and the denvatives for skin 0and 5 { Figures 6 5, 6.6, 6.7 and 6.8 ), the
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Figure 6.3 : Effect of Velocity Coeflicient on Pseudopressure and
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difTerences in the responses arc amplified. The beginning of the semi-log straight line or
the transient state is a function of B. For scmi-log strmght linc to begin, pscudo-
dimensionless times are : for CGieerisma (1974) correlation - 0.9x10°, for constant p value
of 107 i - 1.6x10°, for Firoozabadi and Katz, (1979) corrclation - 2.0x10° , and for
constant P value of 10" R - 3.5x10° . It is also evident from these figures that the
scparations in the responses arc much more promincnt in ihe early time derivalive plots
{Figurcs 6.5 and 6.6 for pscudopressure responscs and 6.7 and 6.8 f{or paeudopiessune
derivative responses). Hence at the carly time (he derivative responses are more indicative
of the reservoir characteristics. Figure 6.9 illustrates the responscs with different skin
values (0, 2, 5 and 10) for the same reservoir condition with the Geerlsma (1974)
correlation for . From the figure, it is observed that for higher skin, the reservoir attains

the lransient state at a later ime,

From these responses it can be concluded that responses with arbitrary values o B are
nol representative of the actual rescrvoir condition; henee the constant B options will not
be used for further siudies. Also it is expected to get higher responses with the
Firoozabadi and Katz (1979) corrclation than with the Geerisina (1974} correlation for
most of the reservoir situations. This is because Firoozabadi and Katy. (1979} correlation
gives a higher value of P than that given by ihe latter. Higher the valuc of [, higher

would be Ihe pressure responses.
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6.3 Effect of Yelocity or Flow Rate

For pas teservoir, velocity or the flow ratc has a significant effcet on the pressurc
transient responscs because of the inertial or the urbulence effect. This elfect has been
studied by generaling a number of responses with differcnt dimensionless Mow rates for a
hemogeneous rescrvoir. Since the reservoir is homogeneous, the dimensionless flow ratc
is proportional to the actual flow rate for the same reservoir condition (refer 1o Equation
4.92). First responses are pencrated wilh Geertsma (1974) correlation, then for the same
reservoir conditions the cormresponding sct of figures are generated with Firoozabadi and
Katz (1979) correlation.-

'i 41! ar
Figures 6.10, 6.11 show the pseudopressure and derivative responses for skin values of 0

and 5 respectively. Figures 6.12, 6.13, 6.14 and 6.15 show the correspending semi-log
plots for the same skin valucs., The responses are pencrated for permeability- 100 ml3,
porosity- 0.2, wellbore storage coelficient- IDI_;J and initial pseudoreduced pressure- 6
(about 4000 psia). The dimensionless flow rates used arc 0.001, 0.005, (.01, 0.02, 0.03
and .05, All these responses are obtained with Geertsma (1974) cormrelation. Somc
rcsponses {or the same reserveir condition and skin equal to 5 are generaled and shown in
Figurc 6.16 using Firoozabadi and Katz {1979} correlation for B [actor. From the
respouses it is clear that the when the flow rate is higher, the pressure drop is higher. For
a very high rate (Qg > 0.03, about 118 MMSCFD for this specilic reserveir condition) the
pressure responses are very high. The semi-log ‘plots of pseudopressures {Figures 6.12

and 6.13) amplify the dilTerences in the dimensionless responses. It is also cvident from
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Figure 6.11 : Effect of Flow Rate on Pseudopressure and Derivative
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Figure 6.12 : Effect of Flow Rate on Pseudopressure Responses
(Skin = 0, Geerlsma Carrelation).
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Figure 6.13 : Eflecl of Flow Rate on Pé’eudopressure Responses
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Figure 6.14 : Efect of Flow Rate on Pseudopressure Derivative
Responses (Skin = 0, Geertsma Correlation).
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Figure 6.15 : Effect of Flow Rate on Pséudnpressure Derivative
Responses (Skin = 5, Geertsma Correlation).
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Figure 6.16 : Effect of Flow Rate on Pseudopressure and Derivative
Responses (Skin =5, Firoozabadi & Katz Correlation).
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the Figures 6.14 and 6.15 that the beginning of transient peniod 1s delayed for the higher
(low rates. The semi-log slope attains a higher value than 0.5 lor (,=003; foraQ, of
0.02 the semi-log slope is 0.51, for Q, of 0.03 itis 0.52 while for Qpof 0.05 the slope
docs not allain a conslant value. This happens because the pressure declines at a greater
ratc for higher flow rates. From these two figures it is also apparent that the (ime between
end of wellbore siorage dominated state and the transicnt state increases wiih the [low
rate Comparing Figure 6.11 with Figure 6.16, both for skin cqual to 5, 3t may bc noticed
that the pseudopressure drop is even higher in case of Firoozabadi und Katz (1979)
correlation than that with Geertsma (1974) corrclation because of the higher b value.
With Firoozabadi and Katz {(1979) correlation, the high velocity effect 1s more prominent
even at a lower flow rate (Qp, > 0.005). As a consequence the semi-log straight line also

slarts later for Qp > 0.005.

6.4 Ellect of Initial Pressore

Taking a quick look on the definifion of the turbutlence intensity, one might suppose that
the initial pressurc is one of the factors affectinfg the pressure responses. This is contrary
to what has been nhsa;nfed from the msponsés generated. 1his is because the high
vclocity responses depend on the product of turbulence intensity and dimensioniess flow

rate, i.e. Forchheimer number. This number does not depend on the initial pressure

Figures 6.17 and 6.18 show that the initial pressure is not a factor. These ligurcs are

generated for no skin and skin equal to 5 respeciively for a reservoir permeability of 10
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Figure 6.17 : Effect of Initial Pressure on Pseudopressure and
Derivative Responses (Skin = 0, Constant Q,, basis).
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Figure 6.18 : Effect of Initial Pressure on Pseudopressure and

Derivative Responses (Skin = 5, Constant Q, basis).
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.
mD, porosity (1.2, welthore storage cocfficient. 1000 and Qp = 0.01. The initial pressure

is varicd from a pseudoreduced pressure of 2 (about 1340 psia} to 10 {around 6700 psia).

6.5 Lifect of Permeability

Laminar responscs, which arc exactly similar to the liquid solutions, do not depend on the
penneability of the reservoir. On the contrary, the high velocity cflcet strongly depends
on the permeability. Extensive study has been donc te investigate the elfect of the

rescrvoir permeability.

Firstly, responses are generaied for a conslant {).. . hoping to see wvariation in the
responses with the difference in the permeability. Figures 6.19 and 6.20 illustrate the
dimensionless pseudepressurc and the derivative responscs for a homogeneous, infinile-
acting reservoir with Q. = 0.05 m”f’s, pm‘osit}'iﬂ,l, inihial pseudoreduced pressurc of 6
and wellhore slorage coefficient 1000 with Fifnn.r.ubadi and Kaiz (1979) and Geertsma
{1974) correlation respectively. The permeability is varied from 0.1 mD 1o 500 mD.
The responses are exactly same for all the permeabilities. The reason for (s 15 actually
very simple. The laminar solutions {similar to higuid selulions) are mdependent of the
cserveir pcnneahilit}',gwhereas the high velocitly effect is greatly dependent en Q, , and
not on the Q) . 50 when (. remains wnchanged the high velocity effect is aimost the
same. So when the reservoir is homogeneous Ehe responses should not change. Figures

6.19 and 6.20 lead exactly to the samc conclusion.
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Figure 6.19 : EFect of Permeabhility on Pseudopressure and Derivative
Responses {Firoozabadi & Katz Correlation, Constant Q__ Basis).
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r
Next, responses arc generaled with the variation of the permeability keeping Q,, constant.
This means that (., is changing with the permeability, thus the responscs also vary,
Figures 6.21 and 6.22 arc those generated {or res»a;s;olr_l porosily of (.2, wellbore storage
coeflicient of 1000, initial pseudoreduced pressure 6, and Qy = 0.01 for skin  values
cqual 1o 5 and O respectively. The responses are-similar fo the anticipated onc. increasing
permeability increascs ihe pseude-di%’neusionlesi& pressure drop. The reason for this 15 that
increasing the permeability means increasing Q. for a constant Qp (refer to Equation
4.92), which leads to increase i the high velocity elTect. Thus, the final pressure drop
increases. Figures 6.23, 6.24, 6.25 and 6.26 are semi-log responses for both the skins (5
and 0} and pseudopressurc and derivative responses. Figures 6.23 and 6.24 show how
significant the difference in the pressure respenses can be for the both skin cases when
permeabilities change. Permeubilitics of 0 1 mD to 10 mD responses are almosl similar,
bul the responses increase for k = I[IIII'J mbD. Fﬂrethe casc of skin equal to 5 the responses
(Figure 6.23) show the similar wend. So skin facior and permcability do not have any
combined cffect on the pressure transicnt responses. For the case of skin ol 5 at a
pscudo-dimensionless time of 14 | the valucs of dimensionless pscudopressure for
permeabilities of 10 mID and 500 mD are 11.03 and __16.95 respectively; the difference
being 53.67%, while at & laler time (tn=10% l{m}f are 15.77 and 22.04, respectively; the
difference 39.76%. The magnitude of the diﬂ"l.lerences in the responscs emphasizes the
impotiance of considering high vetocity effect Iior gas wells. Figures 6.25 and 6.26 show

the corresponding derivative responses. Thesc figures reveal that the beginning of the

teansient state is delayed with the reservoir permeability  for k > 100 mD ). Also the
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Figure 6.21 : Effect of Parmeability on Pseudopressure and Derivative
Responses {Skin = 5, Constant Q,, Basis).
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Figure 6.22 : Effect of Permeability on Pseudopressure and Derivative
Responses (Skin = 0, Constant Q, Basis}.
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Figure 6.23 : Effect of Parmeability on Ii’seudopressure Responses
(Skin = 5, Constant Q, Basis}.
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Figure 6.25 : Efect of Permeability on Pseudopressure Derivative
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Figure 6.26 : Effect of Permeability on Pseudopressure Derivative

Responses (Skin = 0, Constant Q, Basis).
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transition period between the end of wellbore storage dominated state and the transient
state increascs for higher permeabilities especiafly for k> 100 mD.

Figurcs 6.27 and 6.28 arc the responses for skin 5 and 0, respectively for the same
reservoir conditions with  Fircozabadi and Katz (1979) comrelation. These figures

indicate that the responses arc even more dispetsed for k > 10 mD. Otherwise they have

(e similar trends as those generated with the Geertsma (1974) correlation.

6.6 EMect of Finite Formation Damage

The lormation damage near wellbore region ]msi= a significant effect on the productivity of
the well. Almost every operation in the wellbore 15 a potential source of formation
damage in the vicinity of 1he wellbore. The effect of this reduced permeability region
near the wellbore is usually accounled as thinl skin and supenmmposcd on the pressure
transient responses with no skin (van Lverdingen and Hurst, 1949} The skin value to be

superimposed is defenmined by the following equation (Craft and Llawkius, 1991),

3=(£—)-In[:—j . .6

where k,= permcability of the damage zone,

r, = radius of the damage 7onc.

&
Esscntially, in almost all the wellbore operations, the permeability and the porosily of a

small finite region arund the wellbore are alTected. In majorily of the cascs, the reasons
for this damage may be due to {luid invasion, mnd particle invasion or drill cuttings,

perforation damage, etc. Tn most of the pressure transicnt medels, this elfect is considered

1
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Figure 8.27 : Effect of Permeability on Pseudopressure and Derivative
Responses {Skin = 5, Firoozabadi & Katz Correlation,
Constant Q Basis}.
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Figure 6.28 : Effect of Permeability on Pseudopressure and Derivative
Responses (5kin = 0, Firoozabadi & Katz Correlation,
Constant G, Basis). .
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by superimposing the skin valuc in the homogencous wellbore solution for mathematical
simplicity. This approach of accommuodating the effect of formation damage 1s known as

thin skin concepl.

The present mode! has the eapability of incorporating finite wellbore damage zone. With
this model, the responses of the well for a ceriain skin are investigated. For a fixed skin,
some [initc damage zone radii are fixed and the corresponding k, is mcasured according
to the above equation. Responses are gencrated for the different situations. Figures 6.29
and 6.30 illustrale the linitc skin responses along wilh the thin gkin responses for different
finite damage zone radii with Fircozabadi dnd Katz (1979) and Geertsma (1974}
correlation respectively. The rcsponses are generated for a constant QQ instcad  of
constant (), and skin value of 2. Thre reason for this is that, for heterogeneous systems,
conslant Q, implies dilferent flow rates for diffcrent reservoir condilions (rcier to
Equation 4.92), Comparing the respenses for different flow rates would not make sensc
for studying the effect of formation damage. The undamaged zone properties are assigned
permeability of 100 mD, porosity of 023, wellbore storage of 1O, initial
pseudoreduced pressure of 3 (about 3360 pbia},l and Q). value is fixed at 1.0 m’/s. it is
apparent. from (hese figurcs, that finite skin responses are very much different from the
thin skin responses. When the finite .damage radius decreases, the pressure drops become
significantly higher. This is because r‘th.=: smaller the damage zone for some value of skin,
the smaller will be the damage zone pemmabilit';f; this in tum ncreases turbulence factor,

B, and hence the high velocity effect becomes more prominent. Both these correlations
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Figure 6.30 : Effect of Finite Fermation Damage on Pseudopressure
and Derivative Responses {Skin = 2, Geerlsma Correlation).
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show similar trend. Figures 6.31 and 0.32 are the semi-log plots of pscudo-dimensionless
pressure which reveal the extent of the discrepancies in the responscs more clearly. At g
pseudo-dimensionless time of 107 with Viroozabadi and Katz (1979 corrclation for
dimensionless [inite damage radii of 1,25, 40 and (hin skin, the dunensionless
pseudopressures are 128.77, 19.93 and 12.91 respeclively; the differences bebween the
skin responses and lhese iwo ﬂnlté skin cases are 897.4% and 54.4%. While, with
Geertsma {1974) corrclation, these ‘differences for the corrcsponding fimle skins are
896.1% and 54.1%. Pigures 6.33 and 6.34 are the scmi-log plots of the pseudo-
dimenstonless pressure denivatives. [t is cvident [rom these figure, that the beginning of
the transient statc is signilicantly delayed when the damage zone radius is smatler Semi-
log slope also adains a higher value for smaller finite damage zoune radii.  This implies
thai {he pressure decline at a preater rate for a smaller damage zone. The duration
between the end of wellbore storage dommnated ‘state and the transient state is hi gher for
the shorter damage zones. Figure 6.35 1llustratcs the responses for a skin value of 5 with
Geerlsina correlalion for other reservoir parameters uinchanged. Companing this figure
with 6.30 for skin of 2 show that the responses are even more dillerent for fimte and thin

skins, as the amount of damage mcreases.
"

It is apparent, from the preceding sensitivity studies, that for a gas well with high velocity
cllects, there may be significant discrepancics in the responscs if thin skin approach s

considered for pressure transient responses of pas reservoirs,
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Figure 6.31 : Effect of Finite Formation Damage on Pseudopressure
Responses {Skin = 2, Firoozabadi & Kalz Correfation).
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Figure 6.33 : Effect of Finite Formation Damage on Pseudopressure
Derivative Responses (Skin = 2, Fimozabadi & Katz
Correlation).
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Figure 6.34 : Eflect of Finite Formation Damage on Pseudopressure
Drerivative Résponses (Skin = 2, Geerlsma Correlation).
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Figure 6.35 ' Effect of Finite Formation Damage on Pseudopressure
and Derivative Responses (Skin = 5, Geertsma Correlation).
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Figure 6.36 : Comparison of this study with Osman and Mohammed

{1993) for a 2-layer infinite-acting reservoir system.
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6.7 Effect of Layering

The preceding sensilivity studies, conducted, are for single laycred reservoirs, In case of
multilayered reservoirs, two-layer reservoirs afe investigaled for the sake of simplicity.
However, this model can handle any number of layers. The study of Osman and
Mohammed (1993} is considercd frst in greater detail. They have developed a pressurc
trapsient model for @ gas well located in an nfnite-acting commingled reservoirs.
Wellbore storage, skin and turbulence intensity effects are accounted for, in their model.
Some of the responses they have f;:mnd arc quite contrasting Lo what the present medel
gencrates Figure 6.36 shows comparison between these two madel responses tor a Q,, of
50 MMSCFED. For a two layer reservoir, their responses show separation in the pseudo-
dimensionless pressure derivative profiles in the transienl statc when the flow capacity,
{kh}, ol the top layer is 10 times that of the bottomn laycr. Whereas the responses,
generated with (his model, show that the derivative profiles would be same m the
trangicnt stale, with separation onl -""in" the transition period, The reason, they have given.
for this separation is not a justiftable ene. "l"h«a;-,'f mentioned when {low capaclly, (kh), of a
layer increases, the turbulence intensity decreascs and thus, decreascs also (he requured
pressire drawdown. From the formulating equ;;,ttions, it may be seen that, although wilh
the increasc in permeability, velocity cocificient. B {Cquation 4.97 or 4,98). decreascs,
but turbulence intensity , Ny (Lquation 4.93}, increases and the turbulence factor, D{p)

(Equation 4.96), may or may nol dccrease depending on the eifcet of the product ([3k).

"
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Thus, their rationalizalion may not be justifiable. Moreover, they have not mentioned any

scheme to satisly the inner boundary conditions.

Some more fesponses are generated for cmrﬂningled reservoir, for which there is no
crossfiow bebween the layers. Layer charactcrirstics are changed by varying the top layer
fiow capacily. kh, with respect to that of the hottom layer, by the factors of 1, 10, 100
and 1000, Figure 6.37 reveals the responses for 2 comniingled tescrvoir for the mentioned
conditions with Geertsma (1974) corrclation. Flow rate, ()., has been kept constant {or
the comparison, instead of keeping )y fixed, because of the layeriug helerogencity. This
fi jiﬂ]l'ﬂ has been generated for (kh,,.. = 200 mD-1L, no skin, wellhore storage coeflicient-
1000, Q, = 22.88 MMSCED (7.5 m'/s), ($h) = 4 R. The scmi-log plois {Figures 6.38 and
6.39) magnify the diffcrences because of the layering cffect. These Tigures show
sipnificant variation in the responses due o changes in the fow capacity, kl, of the
layers, Ala pscudo—diﬁ'lensionlcss tinie of 10°, the pscudo-dimensionless pressures for the
top layer having Now capacity 1, 10, 100 and 1000 times that ol the bottom layer are
9.77, 10.39. 12.00 and 16.39 respectively; the corresponding differences heing 0.4%,
22.8% and 67.8% The pseudo-dimensionless!pressure responscs vary sigmiicantly but
arc parallel in the transient slate region. These variations are found to be dependent on the
flow rate from the sensitivity sludies not included here.

The cffect of ordering of the layers is inveshgated. TUis alempted to see whether there is

any vartation when ihe bottom layer fow capacity, kh, is changed by the same (as those
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Figure 6.37 : EHect of Layerning on Pseudopressure and Derivative
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of the preceding study) multiples of thai of the fop layer. Figure 6.40 revcals that there is

practically no change in the responses when the layer ordering is changed.

Cross[low hetween the layers have been considered next. This is studicd enty tor the casc
of k = 0.1k, , where k, 1s the verlical permeability and k, is the horizontal permeability.
The flow capacily, kh, of the top layer is increased by the same (as in the earlier study}
rmultiples of that of thc bottom layer. Iigure 6.41 shows the responses for these
conditions with Geertsma (1974) correlation. Migure 6.42 and .43 are the semi-log plots
of the dimensionless pseudo-pressure and the d.en'vative responses respeclively. Though
it is not so apparent from Figure 6.42, il can he noted that the pscudo-dimensionless
pressure profiles converge at a lale ime with the homogeneous reservoir profile. The ime
for this convergence 1s aclually a fu;‘.lctium ol the flow rate. Figure 6.44 shows the semi-
log plots of pscudo-dimcnsionless pressure responses for the same conditions but a low
flow rate of 0.1m'/s { 0.3 MMSCFD) m which the convergence is clearly shown. An
uteresting phenomenoen is [ound to he prevalent in the denvative profiles. The denvative
semi-log prefiles, in Figure 6.43, show a dip just hefore altaining the transieni state, This
implies that just afier welibore storage dumir?ated 1sit:al;ﬂ, ihe refﬂnfoir productivity 13

almost solely from the high permeability layer when the cross/low bas not set in Buf as

the crossflow sets n, the reservoir acts like a single layered one.
1
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6.8 Effect of Closed Outer Boundary 'ﬂ.

All (he previous sensitivity studics are conducted for infinitc-acting reservoirs, The
present model can handle other outer boundary conditions, like closed and constant ouler
boundary conditions. A number of responses are generaled for a homogencous reservolr
wilh 2 closcd outer boundary. This condilion {mplies that there is a2 no flow condition m

the external houndary of the rescrvoir.

Responscs are generated for a closed reservoir varying the outer boundary radins. Figure
6.45 shows the pseudo-dimensicnless pressure and derivative profiles with CGeertsma
correlation. The responses are generated for dimensionless outer boundanes of 500,
1000, 2500, 5000 and 7500. The inhnile acting response 1s also shown in the ligure.
These rcsponses show that the smaller 1the dimensionless ouler boundary radius, the
carlier the responses deviate from the infinite acting behavior and attain the pseudosteady
states. Further studies need to be done to see *-f_hcthcr high velocily elfect has any hearing

an the closed boundary reservoir responses.
6.9 Effect of Compositc Nature of the Reservoir

The present model has the capability i;:s acmrrjlmcdate multilayer composite rescrveir as
well. Some responses have been gencrated for composite reservoirs. First case, of the
composite reservoirs taken up, is with reservoirs having 2 layers and 3 zones. Zone 1 has
a permeability of 20 mD, while the permeability of zone 2 and 3 (both of lhem having
same permeability} are varied to be 10, 20, 50-and 100 mD. The responses are generated

for a couslant Q= 0.1 m’/s, porosity of 0.2, welibore storage coefficient- 1000, initial
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pscudoreduced pressure- 5, k,/ k, =0.1 and Geerisma (1974) correlation for the B factor.
Figure 6.46 1lluslrates the responses for an i:{ﬁnitc-acling reservoir condition. (Figure
0.47 shows the schematic diagram of 2-layer 3-zone composite layer reservotr) For the
first zone houndary, the dimensionless radius 15 fixed at 50{}, while thal for the second
7one houndary is fixed al 1000, Pseﬁdnpmssun‘: respoenscs, of the tour different rescervoir
situalions, become distinguishable at the latc time when the pressure transicnt mowve
across the zones having dislinct permeabilities. The derivative profiles are very prominent
indicaling the reservoir zanes with distinet propertics. When the pressurc transienis
moeve through the first zone, transicnt statc is altained for some time before moving into
the sccond zone. The responses, for all the different situations, then have the same
iransient state derivative valucs of 0.5, As the pressure transients reach the second zone,
responscs show a transition period. After this t{ansition periad, a second transient state is
attained. The derivatives then atlain values equal to half the ratios of flow capacity, kh
for zone 1, to that of xone 2 and 3, When the ﬁ-rst zone has a permeability of 20 mD and
the ouler zones have 10 mD, the layer thickness being samc. this ratio is two. The
transicnt state derivative will then be haif Dfl this ratio {(=1). From the responscs in

Figure 6.46, 1t 15 apparent that the logarithmic derivalive of the pscudo-dimensionless

pressure attains the value ol 1, for this case.

The same reservoir situatiens are investipated with a closed ouler boundary condition
The outer boundary is Mixed at a dimensionless radius of 5000. Figure 6.48 illustrates the

pseudo-dimensionless pressure and the derivative proliles togeiber. The pseudopressure
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profiles show (he same trend until the pressure transients reach the closed outer boundary.
The pseudo-dimensionless pressure profiles are not much informative as it is. The
derivative pmfiles convey the same nformabion as those for the infinite rescrvoir
condition but also indicates the time for the pscudostcady state. When the outer zones

have higher permeabililies, the time to atain the pseudosteady state 15 earlier.

It is attempled lo study the variation in the responses when the sccond and thinl zones
having different permceabilities are interchanged. The first zone has a penncability of 20
mD. In one scenario zone 2 and 3 have permeabilities of 100 and 10 mD respechvely and
in another scenario zone 2 and 3 permeabililies are swapped. Figurce 6.49 illustrates the
responscs for infimte-acting reservor condition. The pscudopressure profiles do not carry
much information, although there is seme fseparation when the pressure transients
move into the second zones. The denvalive profiles are quitc infonmative. These
responses are same while moving through thr:; first zone. When the pressure transient
moves across the second zone, the denvalive profiles become distinet indicative of the
respective {low capacity, kh, differences of Lhe hrst and second zone. Then, while

meving across the outer zones, the denvalives altain the transicnl state values cqual to the

half of the Now capacity, kh, ratios of zone 1 and zone 3.

The same reservoir situations arc investigated for the closed bowndary rveservoir
condilien. Figure 6.50 shows the redponses. The responses are very much cxpected as the
preceding sensitivity studies. The dervative: profiles are found to be much more

informative of the reservoir comditions.
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The present model has the ability of providing more reservoir deseription than any other
model currently available in the litersture. Onfy few of (he scnsitivity studies are

condueted here, Numerous reservoir situations can be investigated with this madel.
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7.0 CONCLUSIONS

In this study, a composite muliilayered reservoir pressurc transient model for gas

reservolr 15 developed. This model incorporates wellbore storage, skin, high velocity

effects and interlayer crossfiow. Duc to ifs struciure, the model has the poteniial of

depicting numerous heterogenerty 1n the reservoir system. Based on (he sensitivity studies

conducted, some of the conclusions are outtined below.

Velocity coefficient, B, has a significant effect on the pressure transient responses of
gas reservoirs. Analyses, with arbitrarily fixing (3, arc not representative of the actual
reservoir condilions, Geerlsma (1974} comrelation for B tends to pive lower pressure
drop compared to the Fioozabadi and Katz (1979) correlation, for most of the

rescrvoir conditions found. For oil reservoirs, no high velocity phenomena cxists.

Flow rate has a strong effect on the pressure transient responses of the gas reservoirs.
Higher the flow rale, higher will be the pseudo-dimensionless pressure drop. For a
very high [low rate, the logarithmic denivahive of the pseudo-dimensionless pressure
attatns a higher value than 0 5 in the transient state. Whereas, flow ratc does nol have

any bearing on the liquid pressure iransient responses.,
Initial pressure does not have any effect on the pressure transicnt responses.

The pscude-dimensionicss pressure drop increases with the increase 1n the reservoir
permeability. This is because, ag the permeahlity increases, the llow rate increases for

a constant dimensionless [low rate. Thus, the high velocity eflect becomes much more

a0



prominent. For a constant Mow rafe, the permeability docs not have much clTect on
the responses. In the pressurc transient responses of oil rescrvoirs, permeability docs

not have any ofToect.

The thin skin concept may not be a proper approach to accommodale formation
damage in thc pressure transieni analysis of a gas reservoir because of the high

velocily effect, This 1s quite contrary to the liquid pressure ransicnt analysis.

The pscudo-dimensionless pressure drops arc higher when the top layer has higher
Now capacity than the bottom layer, for a lwo layer commingled reservoir. The
amount ef increase in the pseu{ia—dimen.éionless pressure responses depends on the
fow rate. The position of the layer does not affect these responses. For multilayer
reserveir with crossflow between the layers, the early time responscs are almost
similar to the commingled systemn, but at the late time when the crossflow sels n the

responses converge to the homogencous solution.

Inleresting responses have been found to be existing in the pressure transient analyses
of the composite reservoirs because of the variation of the reservoir properties. The
transient statc derivative profiles have been found to be very usefnl and effective in

reservoir characterization.
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8.0 RECOMMENDATIONS

In this study, a general semi-analytical model for an n-layer, composite gas reserveir has
been deveioped Studies described in the preceding chapters show the enormous

appiicability of the develepad model.

There is scope for detailed investipation of each of the areas discussed in the preceding
chapters. Reservoir heterogencity is one aspect that might lead 1o a number of detailed
I

inveslipation. This mode! is adeguately deviscd to handle most of the single gas [low

phenomena.

Partial penetration is onc of the topic that can be studied in detail with this model. The
partial penctration scheme 1s already meluded in the program, but sensitivity studies have

ntot heen done,

Bottom water drive, edge waler drive, watcr coning, ete. can also be sluched with the

model making a few modifications.

This model has been designed lo study single tt:hase gas reservoirs. Liguid solutions are
already a snhsct of the solution generated with this model. This present model can be
extended to develop a model for multi-phase systemn with all the reservotr heterogencity.
The muiti-phase model can be very useful and ﬁffective for the pressurce transient analysis

I
of any reservous.
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NOMENCLATURE

Coeflicient matrix in Equation [4.112]
Constant in BEquation [4.73]
Formation volume factor, res m™S m”
Constant in Equaltion [4.74]

Marnx in Equation [4.112]

Wellbore storage coelficient, m*/Pa
Turbulence correlation

Dimensionless wellbore slorage
Compressibility of gas, Pa"

Clements of the matrix b in Equation [4.114]
Turbulence factor

Elements of the coefTicient mainix A in Fquation [4.113]

- Eigenvector for the region i

Viscosity ratio

(£.{) th element of the coefficient matrix A in Equation [4.113]
Fractional flow rate of laver

i -th element of the b matrix in Equation [4.114]

Formation thickness, m

Thickncss of the layer)

Iorizontal permeability, m®
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k, = Verljcal penmeability, n1*
i = Laplace vanable
M = Molecular weight of the natural gas

().,
M, = (kh)ratie, — i

[Ich]u
m = Number of regions ot 7oncs
m;; = Real gas pscudo-pressure {with subscripis), Pafs"
m, = Pseudo-dimensionless pressure
m, = Imtial pseudo-pressure, FPa's
m, = Wellborc pseudo-pressure, Pa/s
m,, = Pseudo-dimensionless wellbore pressulrc
N;, = Forchheimer number
N; = Turbulence intensity
n = MNumber of layers
p = Pressure, Pa
;

Po = Dimensionless pressure
Pun = Initial pressure, Fa
e = Surface Pressure, Pa
Par = Wellbore pressure, Pa
Q = Surfacc flow rate, S m'/s
Q, = Dimensionless flow rate
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X."'-i,i

XBEJ

Sandface ow rate, Tes m'/s

(1as constant

Radial distance, m

Radial front distance, m
Dimensicniess radial {front distance
Dimensionless radius
Dimensionless outer boundary radius
Outer boundary distance, m

Radius of investigation, m ( ft)
Wellbore radins, m

Wellbore skin of laycr |
Temperatare, Kelvin

Feservoir temperature, Kelvin
Time, sec

Pseudo-time

Dimensionfess pseudo-time
Dimensionless time

pd

k

Semi-permeability hetween layers j and j+1= ;
[ FJ [h]
r

,

el

= Semi-permeability of the zone (i,j} between layers j and j+1

= Semi-permeability of the zone (i)} between layers j and j-1
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Greek Symbols

Ly, = Conslani in Bquation [4.92]
e = Constant in Equation [4.93]
s B = Constant in Equation {4.96]
) = Constani in Equation [4.97]
a,; = Conslant in Equation [4.95]
p = Turbulence coefficient

8, = Moadiher related io turbulence coefficient
1] = Porosity

v = Specific gravily

K = Transmittivity ratio

L = Defined by Equation [4.46]
A = Cross(low paruneter

A, = Defincd by Equation [4.48]
hg; = Defined by Equation [4.49]
L = ¥iscosily, Pa-s

Te = Tnitial visﬂnf:ity, Pa-s

p = Density, Kg/m'

g,. @, = Eigenvalues

,.,.
[

Eigenvalues for region i

Varable of integration

-
il
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m = Storativity ratio

o, = Delined by Equation [4.47]

g = Parhial

v = Differential operator

Subscripts

A = Crossflow from ot to lower layer
B = Crossflow from or to upper layer
D = Dimensionfess

D = Turbulcnce factor in Equation [4.96]
Fo = Forchheimer

i = Any rcgion or zone

i = Any laycr

L = Lanrinar response

N = High velocily response

P = Psendo-variablc

# = Flow ratc

8¢ = Standard condition

T = Turbulence

v = Vertical k

w = Wellbore
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Bl
B2

Geertsma’s velocity coefficient

Fircozabadi and Katz vclocity cocflicient
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C
C

Program to generate MW and DWW for various rerervoir condilivns for
COHIPOSIE TESErvaiTs

INCLUDE 'MATHILFT
TMT'T.ICIT REAL*E {A-11M,0-7)

PARAMETER (£.1=2,1.2=1.1+1,L3=L1+2 ITRING=0 53C1 EMP = 288 711304}
FARAMETER (SCFRESS = 1 0M3251305, FIM =0 3048000 DAY 5=8 64D}
PARAMETER (MDMTS = 3.86923D-16 MMCFTM 10 = 2 B3 16851204}
PARAMETER (I'SIFA=6394757003,CPPAS=] OD-03, PRCPRPEIPA#A2)CPPAR)
PARAMETER (NC = 8MNCPOL=NO*22 NCPOLI=NCPOLA+L

PARAMETER (IMAXNTFRESS = 10000, IPRLEN = DA XPRESR/S0 + 1}
PARAMETER (ICY(=22)

DIMINSION RE(L2, L1 RKY(L.2,LULPHIT 2,1.1) H(LE,HW(L1), TD(22)

DIMENSION TIMR(NCPOL),DMPSPR{NCPOL), DMDPSPR{NCPOL), DMPSTIM{NCPOL)
DIMENSION PDMAT(NCPOL), TRDI(NCPOL),PSPRESMAT(NCPOL)

DTMENSION EXTEMP(1000), PRMAT(NCPOLL), DMPSPRI(NCPOL)

DIMENSION PSPRESMATBENCPOL), PSTIMMAT{NCPOL 1), DMPDTPINNCEOL)
DIMENSION DDMDT{NCPOL NCPOL),DMTIM(L1,NCPOL)

DIMENSION FINDIXLILFINCO(LL,FRANGT 1 NCPOL)

DIMENSION WORA{L2,1.2). WORR(L2), WORX(1.2}

DIMENSTON DMPRIMT{L 1, NCPIL)

COMMONGM/CD,INOBC NL.NZ NRD, INFP, JWELL,SK(L1},NPL{L13,RD{L3),
+  ST{L2,L1),TS(L2,L1},RM(L1,L1),XA{L2,L1),XD(L2,L1}
COMMON/CINT2 TEMPT, PRESSINI

COMMORNCINTLZLZZN LR UTPCLTECLPPCTL PO, WAL SG Y O02 Y L1235,
'+ YMNIDASE

CUMMON/CINT4/MINI, QST, TMPRL,PLTTS,QD.HT

COMMOMN/TRAC/X(12) '
COMMON/CINTS/IBETA,RW

COMMON/PRPS/PEEUDOPRIPREENLREAL PR{IPRLLN}

COMMON/CING PERM(L2, L1}, RDR{L3) PHIR(L2, L1

RIEAL*E PETIMMATA[ALTLOCATANLEN LTTRAMATATTOCATARLE]:)

LOGICAL CIIECK ° - !
EXTERNAL DQDVAL

CHECK = TRUE,

OPLNNIT=13, FILE=8KN25 TN STATUS="01.1)Y)
CPEN(UNTIT=23 FILF=PERMZIN' STATUS="0LD]
OPEN{UNI =33 FILE="PORMY 2 IN' STATUS=0LD"
OPFER{UNIT=43 FILL="PORZ.IN'STATUS="0LID")
OPEN{UNIT=33 FILE"HZ.IN' STATUS="011T)"
CPEN{UNIT=63,FILE="RDZIN" STATUS=0LDY
OPER{INIT=333 FILE='BAK! DAT S TATUS="0LD"
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CALL UMACH{-2,3 B

OPEN (UNIT=1FILE='FCDA11.OUT)
OPEN (UNIT=2FTLR='FCDRHI11 (HIT)
OFEN (UNIL=3,IILE=TCD{CLL 0T
OPEN (UNIT=4, FILE=FCDT LOATT)

Z1=03D0d

L2 =10D00
BASE = 14.7DGG
N = 10000

ERT = 1.4D-07

READ{333.%) (X(I)I=1,12)

WRITE(* *) 'ENTER THE CODE FOR T'lIIE GAS P:RUP]:.R’I’IES EvALUATION
WRITE(*,*) 'l - COMTPOSITIONAL ANATYSIS'

WRITE(*,*) 0 - GIVEN SPECIFIC GRAVITY'

RLAD(*,*) IFLAG

TR{IFL.AG EQ) () THEN .
WRITE(* *) 'ENTER 1HE SPECIFIC GRAVITY m THE GAY'
REAL(*,*) 5G
WRITL(*,*) ENTLR 125 & CO2 MOLE L RACTIONS'
READ(**) YH28,YCO?2
WM = 28.964D0O0*SG
EPS1 = TPS(YII2S,YCO2)
IPCY = TPC(SG,EPS1)
PPCI = PPC(SG.TPC1, YHZS EPST)
ELSE
CALL GASGRA(SG. WM, PPCI1PC]EFST)
PIC2 = PPCL
TPC2 = TPCI1
YH2S = X(1)
Y02 = X(2)
YN = X(3)
ENTHF

HL =LI
NZ=NL+!
HEL=HL -2

P1 = DACOS(0.0D00*2,0000

PRINT*,ENTER THE LA YER NUMDER, JWFLT ,FOR WHICH WELLBORE PRESS1IRF
+WILL BE CALCULATED

READ(**) JWELL *

PRINT* 'ENTER RESFONSE FUNCTION CODE -

FRINT*. 1--DRAWDOWN'
PRINT*2---BUILDUF
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READ{**) INRES

IF (INRES.EQ.2) THEN _ -
PRINT* 'FNTER DIMENSIONLESS PRODUCING TIME, TPD (BASED ON MIN ’
+ERONT RADIUSY
READ{**) TFD
EHMD I

PRINT*,'SELECT CODES FOR GAS CAP AND BOTTOM WATER, INHT'
PRINT*,"I---NO GAS CAF OR BOTTOM WATER' -

PRINT*, 2. -G AS CAP'

PRINT* '3.--BOTTOM WATER'

PRIN'1*'4---BOTH'

READ(**) INBT

PRINT* 'SELECT CODES FOR OUTER BOUNDARY CONDITIONS INONC
PRINT®*, 1---INFINITLE

PRINT*,'2-—CLOSED

PRINT*,3.--CONSTANT PRESSURE'

READ(*,*) INODC

INOBC =2

PRINI[* 'ENTER WELLDORE STORAGE CORFFICIENT.CIY
READ(* *} CD

PRINT*'ENTER RESERVOIR 1EMPLRATURE (KELVINY
RFEADN*.*) TEMFR
TEMPR = 1EMPR*1.8100

PEINT*,"ENTER INTTIAL RESERVOLR PSLUDOREDUCTED PRESSURE
READ{**) PPRI

PRIISEIMNL = FPCL*FFRI
WRITE(3,*} TRESSINI (P!} o PRESEINI

READ(13,%) (SK(T),]=1,NT.}
CLOSE (13)

FRINT*,'/ENTER NUMDER OF TERMS 'y BE LB3ED 1N STEHFEST ALGORITHM'
READL(* *)NT

PRIN [*‘ENTER DIMENSIONLESS OtF1ER RADIUS'
READ(*.*) ROUTD

READ(23,*) RK -
CALL DWRRRN{RK [M2].NZNL,RK L2 [TRING)
CLOSE {23) . RTARY

S . 1 |
READ{3},*) RKY
CLOSE (33}
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SO

KREAD41,*) PHI
CALL DWRRRMN{'PHI'NZHL.PIILL2 ITRING)
CLOSE (43)

READ{53 *) 11
CALL DWRRRN{H,NL, 1,1, L1, 1L RING)

READ{53,*) HW
CALT, DWRRRN(TIW [M],NL,1,HIW, LI, ITRING

REAIXS3* IIT
CLOSE (53)

DO J=1,NZ
REALHG3,%) RL)(3)
LEND DO
RIENRD} = ROUTD*RIN |)

CALT DWRRRN{'RD [M],NRD,1,RD,L3 ITRING)
CLOSE {63)

DO J=1,N1,
SK(T} = ((RE(NZINRK(1.07)-1 0DO0Y*DLOG{RD{ 2RI 1 )}
END DO

CALL DWIHRRMN(SKIN,NL, 15K L1 ITRING})

WRITE(*,*) RD
RW = RTX1)FTM

RDER(l) = RD{1)I7TH
DO I=I,NZ
DO )=1,NL
PERM(LJ) = RE(1,IJMIIMTS
FHIR{1,J) = PHI(I,T}
END DO
RDBR{I#1 y=RD{T+1)FTM
END T30

PRINT*'EMNTER INITTAT. DIMENSTONEESS TIME { MINIMUM FRONT RATIUS )

READ{*.*) TI)]

PRINT* 'ENTL:R CODES FOR FENETRATION CONDITION'
PRIN [+ 0---FULL'

PRINT*,'|---PARTIAL'

READ(**) INFP

PRINI*'ENTEL NONDARCY COEFFICIENT DETA CODE

PRINT*'1 - GEERNTSMAS
BRINT* 2 - FILOOZABAD
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READ{**) IDETA

PRINT*'INTER Till} ABUNDONMENT PRESSURE {PSIy
READ(*,*) ARONDP

WRITE(3.%)""

WRITE(3,*) 'ABONDONMENT PRESSIUIRT, {PST) *, ABONDP

PRINT*'ENTER QP 110K FOR DERIVATIVE COMPULA'LION'
PRINT*,'0 --- NOT REQUIRED'

PRINT*,1 --- REGUIRLLY

REATN*,*) IDER.

HW I = 3.0D00
DO J=1,NL
IF {(HW{J).FQ.0.0D00) THEN
NPL{J}=0
FISF
NPL{J}=1
HWT =IIWT + IW(J)
FND IF
END DO

BI'EN = HWT/HT

WRITE(3,*) "
WRITE(3,*} "WELL PENTTRATION RATIO ' BPEN

a3k ke ke ok ok o o o 2k ake ko iR O Ol e o W BB B ok sk s s e e ol ok o i i o ok ok o o o M M KK B S S ok e o o o ok e ke ke ke

.

2

o

e

MNomdimensionalizng the radi based on minimuoam front radns

AR1=RIN1)
ARZ=RI(Z}
DO I=1,NZ+]
RD(I=RD{IVARZ .
END DO
CALL DWRRRN{'RI,NED,1 RD. L3I RINGD)

Transmisminlity and stocativily eomputation

DO F=1.NL
DO =1 NZ
TS(LT=RE(L I )
ST(II=PHI(T,Ty*H(T}
LEND DO
END DO
CALL DWRRRN{TRANSMISSIBILIT Y NZNL.TS, L2ITRING)
CALL DP'WERRN['STORATIVITY' NZNL.&1, L2 I'TRINCE)

Crossflow parameter, XA{LF), computation

DO [=1.N7.
BO [=1,NL
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IF(J.EQ.NL) THEN
IF{(INDT.EQ.2).OR.(INDT.EQ.43) THEN
XA(ET=2. 0000 K V{1, TW(T)
ELSL
YA(LI=0.0D00
END IT
ELSE
XA(LN=20D00*RK V(LI FRK VLI+ DR RE V(LT 1) -
+ I+ 1*RE V(L))
END IF
END DO
DND DO
C  CALL DWRRRN{'XA'NZNLXAL2ZITRING)

¢ Crossflow parameter, XB(I I}, conmpulation

DO [=1,NZ
DO J=1,N1.
iF (1 EGQ.1) TLUEN
11° ({INBT.EQ.3).0R (INDT.EQ.4}) THEN
XB(IJ1=2.0D00*RK V(LIVIIT)
ELSE
XB(1))=0 00000
END IF
ELSE
XB(LH=2 DD RK V(LI *RK V(L 1- DA H{ ) RK V(L I-1) +
+ H(3- 1Y RKV{LI}
LND IF
EMND D
END DO
¢ CALL DWRRRN{'XB'NZ,NLXD,L21RING)

C o Mobility 1atios, RM(LL DY, calenlation

DO I=1 NL
DO J=1,NL
RM(LT} = TSI LIV Ts(LT)
END DO
END DO
C CALL DWREEN{TIM'\NZ,NL RM,LLITRING)

Total transmissibilioy and storativity calenlation

WRITE(1,%)

WERITE(1,*YTOTAL TRANSMISSIRILITY  TOTAL STORATIVITY'
TTE=0) LX)
TE =0 0000

(R R

DO J=1,NT.
TTS = TTS ~ 1S(L2))
TST = TRT+5T(1.J)

END N0
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C

o

WRITE(1*) TTS [ TST

Nondimensionalizing the starativitles and teansmittivities
. 3
N I=1MHL
DD J=1,W1.
TSN ="1581J¥TTS
ST = ST(LIVTST
FENIY DO
ENI [}
CALL DWEEREEN{ DIMILFSS T3 WA NL TS, L2 ITRRING)
CALL DWRBRN(TIMLESS §T [RW BASIS) WKL ST L2ZLIIRING)

MNondimensionalizing the crossflow paramcters

DO I=1,NZ
D J=1,ML
YXA(LT) = (ARL** 2P XA(LIVITS
KB(1)) = (AR1** 2/ XB{LIyTTS
END DO
END DO
CALL DWRRRN{'DIMLISS XA [RW BASIS|,N7Z.NL.XA L2, TRING)
CALL DWRRRN{DIMLESS XD [RW BASIS| N7, NL XB,L2,ITRING)

Conversion of cross{low parameters an the hasis of mibitmem front rading

DO 1=1,NZ
DO J=1,NL
YA(LT) = XA(LDARD{1)**2)
XB(LT) = XILIRD{1F+2)
END DO
ERND D}
CALL DWRRRN{'XA [MIN. FRONT EADIUS BASIS] NZ NL, XA,L2,ITRING)
CALL DWHRRRN('XE [MIN. FRONT RADIUS BASIS] NZ.NL.XB,1.2,ITRING)

1PR10 = TEMPR/TTCI

FPRI0 = PRESSINUPPCI

CALl ZFACH{Z1,Z2,N,.ERT,TIPR10,PPRI0,ZNEWO.[}
VSCO = VISCOG2(PRESSINL TEMPR ZNEWQ, WM}
CALL CR{ZNEW®,TPR10,PER10,CR10}

GCTO = CRTHEPC]

REALFR(1}=14.71000
PSCUDOTR{ 1) = 0.0D00

DO KC =2, JPRLEN
REALPR(KC]) = REALPR(1) + 50 0*REAL(KC - 1}
RPRS = RCALPR(KC)

(:ALL INTEGP{RPRS PSPRS}
PSEUDOPR(K(Z) = PSPRS
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END DO

CALL INTEGP{PRESSINIMINT
MINI = MINT*PSCIR

CALL INTEGPADONDE ARONTDPS)
ANCFATTE = ARONDES*PECPR

PRINT* 'ENTER WHICII FLOWRATE TO COMPARE WITH'
PRINT* ') - QLY

PRINT*'1 .. QST

READ(* *) INQD

IF{INGQD.LQ.1) TIIEN

PRINT*,ENTER QST (MYSFCY

READ(**] G5 F

QD = QST*SCPRESS* TEMPRATTS*SCTEMP*MINT#PI* 1 8D00)
ELSE

PRINT* '"ENTER DIMENSIONLESS FLOWRATE'

READ{*.*) QL) .

QST = QD* TTS*SCTEMP*MINI*PI* 1. 8D00 SCPRESS*TEMIR)
END IF

WERITE(3*) "

WHRIITE3 ") 'QSTIM3/SEC)=" Q5T
WRIIE(3,* "

WRITL(3,*) 'QD=",QD

Do I AY=1T]
TD veclur generalion

DO IG=1,10
TINIG) = (1.0D0 A 0.2DO*BEALIGH*TD
TINEG + 1 = (3.0 + 0 5TH*REAL{IGH*TD]
ENTI X0
o2y =2.0Da*Thi

- TIN22) = 10.0D0*TDi

CALTL DWRRRN('TD, 14,1, T 14 I TRING)

PPMAT{1} = TRRESSINI
PSTIMMAT(1) = 00000

TMAT=0
IL=8573

1 (INRES.EQ.2} CALL INVERT(JLAY. TP, NT,IL MTH MIXM 1 QFRA)

DO I=IKC
DO J-1,22



SPC = TD(T)
IF (INRES.EQ.2) TIIEN
§PC1=SPC - TPD
CALL INVERT{ILAY 5PCLNT {L MB2.MDM2,QFRA)
END IF
CALL INVERT{JLAY,SPC,NT, LMD, MDM,QFRA)
IF (INRES.EQ.1) MD'C = MDM
IF(INRES.EQ.2) TIIEN r
MD = MD1 | MD - MD2 ‘
MDC = MDM - MDM2
MDII = (SPC 1 *SPC/TPD)*MIIC
IND IF :
MM = SFCFDC
TR{INRES F}.2) SPCH = SPC1LSRC
IMAT = IMAT + 1
TRDI{IMAT) = SPC
SPC = SPC*ARZ**2MARI**2)
DMPSPR{IMAT) = MD
TDPSPR{IMAT) = MDM
BMPSTIM(IMAT) = SIC
FRANO{ILAY, IMATF) = QFRA
TMPE.L = TEMPRS1 51300
CALL MD1TOMW{MD MWE)
IF{MWEF.LT.ADONDPS) GOTO 2000
PS1IME = SPCHARI**2PTST/TTS
MWF = MWF/PSCPR

PEPRESMATI{IMAT)= MWF
CALL PSEUDRPR{MWLE PWL)

PSTIMMAT(IMAT + 1) = PSTIME
PRMAT(IMAT + 1) - PWF

TD{I}=TD{* 10,000

END DO
ERD DO
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GOTO 3000

200 AATMAX =1MAT - 1
GO 4000

3000 IMATMAX =TWAT
4000 DIFE = TST*{GCTO/PSIPA)VSCO*CPPASYTTS
[TEMMAX = IMATMAX + 1

ALLOCATE (PS ITMMATA(TTIMMAX), TPRMAT{ITIMMAX)}

PSTIMMATA(]) = 0.0DH0}
TPRMAT(1) = PRESSINI

DO JK =2, ITTMMAX
PSTIMMATA{IE) = PS IIMMAT{IK)
TPRMA T{JK) = PRMAT(IK)

END DO

ERTDAR = 1.1}

DO F=1,IMATMAX
PSRTIME = PS1IMMAT(J 1 1)
WRI FE(*,*) ‘OK'
CALL INVESTIME(TITIMMAX, PSTIMMATA, TPRMA T, PSR1IME, RT1ME)
WRITE(*,*) 1" RTIME='RTIME
TIMR{)) = RTIME
DMTIMUJLAY,J) = TIMR(JIADIE* ARL**2)

PMAT(Y) = 2.0D00*PI*TTS*(PRESSINI- TPRMA'I (3 + 1)}*PSIPAX{QST?
+ VSCO*CTTAS)
END DD

IF(JLAY.LQ.1} TIIEN
WRITE(3,*) "

WRITE(3,*) TGD =,QD

WRITE(3,*) "'

WRITE(3.#) 'K = TTSI(HT*MDMTS}
LND IF

DO I=1, IMA TMAX

EXTEMP{1) = 1.0D-03
TEMPTD = DMTIM{JLAY.T}
EXTEMP{2) = DMPSER(J)
TPRINY = RADINV(TLMPLT3)
FQ = FRAXQ(ILAY.T}

K=2
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DO WHILE(DARS{{FX'T EMPK)-EX lEMP(R- 1)/ EXTEMPBE-11) GE ERTDAR)

TEMPMD = EX1 EMP{K}

CALL MDTOMWI[TEMTMD, TEMTN W)
IF{TEMIPMW. LT ABOKDPS) GOTO S000
TEMPMW = TEMPMWPSCFR

CALL PSEUDRPR{ TEMPMW. TEMPPW)

IF(TPRINV.GR.RNDR(NRIN) THEN
REINV = RDR(NRTY) - 0,113
CALL CORTURR{ILAY FQTEMEPW, REINY TPR.TFHI TBETA, I FN(LTRNT, TCELD
CALL NDARCYD{JLAY REINV TDML
ELSE

CALL CORTURB{ILAY 1'CL FEMPPW 1 PRINVTPRTPIIL TEETA TUNOTRNIVITET
CALL HDARCYD{ILAY TPRINY, TDMLT
IEND IT
EXTEMPK+1) = TCEI*TDMIMTFGAQET* DAY SMMCTTMTL + DMPEFR()

K=K+l
END DD

DMPSPRE(T) = EXTEMP(K)
DMPRIMT(ILAY.J) = DMPSPRE(]}

C DMPSFRI(T) = DMI'STRE( D FRAMOILAY . IWTS{ 1, WELL)

WRITE(* *} ) C1="TCLEL1DMU=, IDMU, ' RDINVeTPRINV
WRITE(3,*) LAY ], TPRINY, TRNT,TFNO,TCEL, TDMI

TMLD = DMPSPRI(T)

CALL MDTOMW{TMT}),TMWTF)
IHTMWELT ARONDPS) GOTO 5000
TWMWF = TMWF/PS(TR

PSPRESMATIE(IY=TMWL
CALL PSTUDRPR{TMWE, TP'WF}

TPRMAT(} + 1) = TFWF
PRMAT(J 1 1) = TPWF
END DO
WRITE(*,*) 'OK 999
FITMMAXT = ITRMMAX
GOTO G000

500 IMATMAX =T -1
ITMMARE = IMATMAX - 1
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DEALLOCATE (PSTIMMATA TPRMAT)

ALIOCATE (PSTIMMATA{ITIMMAX 1), TPRMAT{ITIMMAXI 1)

PSTIMMA FA(1) = 0.0DU0
TPRMAT(1) = PRESSINI

DO JK = 2, ITIMMAX]
PSTIMMATA(IK) = PSTIMMAT(JK)
1PRMAT(IK) = PRMAT(JK)

ENI} DO

6000 T =T IMATMAK

+

PSR1IME = PSTIMMAT(T + 1)

CALL INVPSTIME(LITIMMAX 1 PSTIMMATA TPRMAT PSRTIME RTIME}
WRITE(*,*) 0K ]

TIMR(J} = RTIME

DMTIM{ILAY T} = TIMR{)/DIFE* AR 1#¥2)

PDMAT(H = 2. 0N00+PI* FTS*(PRESSINL-TPRMAT(F + 1))*PSIPA{QST*
VSCO*CTPAS) :

END DO

DEALLOCATE (TSTIMMATA TPRMAT)
END DO

DO =1 IMATMAK

\F(J.3Q.1) THEN

TMDN = DMPSTIM{1)
ELSE

TMDN = DMPSTIM()Y - DMPSTIM{I-1)
END [P

MDDN = DODYAL(TMDN, IMATMAX, DMPS UM, DMPSPR,CHECK)

£iF = CDVTMDN
F(1L.0Q.1) THEN
GEE =0 010
ELSE
GEE = EF*IIMPSPRF(J-1)
END IF

DO J3.AY=1,L1
CTMS = (DMPRIMT{JLAY,J}-DMPSPR(T))
FINDI(JLAY) = - (MDDN + CTMSFTS(1,TLAY)

IFILEQ. 1) THEN

(R}



CEM2 = 0.004)

ELSE ,
CTM2 = - FRAXQULAY.-D*MDIN
LND IF
(I 1) THEN
CTM1 = 0.0D0
FI.SE
CTMI1 = FRAX(ILAY, 1) DMPSPR(T)
ENID IF
SUMC =9.0D0
DO NK=1,]-2

CTM#4 = FRAXQUILAY JIK+1) - FRAXQ(ILAY.JIK)
TMDK = DMPSTIM(I) - DMPSTIM(IIK)
MDDEK = DQDVAL{TMDK,IMATMAX, DMPSTIM,DMPSPR CHECK)
CTM4 = CIM4*MDDK,
SUMC = SUMC + (714

END DO

CTM = {CTM1 + CTM2 + SUMCKTS(LJLAY)
FINCC{ILAY) = CTM
END DO

DO IR=1,1.1
DO C=1,L1
WORA{IR IC) = 0.0D0
END DO
WORA(IR,L2) = 1.000

WORA(IRIR) = FINDIXIR)
END DO

NG IC=1,L1
WORA(LZ,IC) = 1.0D0
WORLHIC) = FINCC[IC)

END DO

WORA(LA L2y = EF
WORD{L2) = 1.0D0 + GEE

CALL DLSASF (L2, WORA, LY. WORS, WORX)
DMPSPRIYT) = WORX(L?) '
FRAXQ(1,T) = WORX(1)
FRAX(Q(2,J} = WORX(2)

ENTDY D0
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4235

IF {IDER EQ.1) THEN

TOL = 000000 110
BGETEF = 0.05120

DOMD (1,1}~ 0.0D0

X =DMPSTIM(1} + BGSTEP

Y = DQDVAL{X, IMATMAX, DMPSTIM, DMPSPRT,CHECK )
DDMDT(1.2) = (Y - DMPSPRF{1}/BGS FER

K=2

DO WHILE(DABS(DDMDT{ 1, K)-DDMIY1( 1, K-1)).GT.TCL)
BSTEP = BGSTEP/REAL(K)
X = IMPSTIM(1) - DSTEP
Y = DODVALO IMATMAX, DMPSTIM, DMPSPRE, CHECK)
DDMDT(1.K+1} = [V - DMPSPRF(1}VBSTEP
K =X+

END D0

DMPD FED(1) = DDMDT{] K*DMPSTIM( 1)
DDMDT{IMATMAX. 1) = 0.0D)

X = DMISTIM{IMATMAX) - 2.000* BGSTRF
Y = DQDVALI X IMATMAN DMPSTIM DMPSPRF CHECK}

DDMDT{IMATMAX, 2 = (DMPSPRF(IMATMAX)-Y ){2.0D0* BGSTEDR)

K=2

DO WHILE[DABS(DDMDT{IMATMAX K}-DDMUT{IMATMAX K- | J).GT TOL)

BSTEF = BGETERREAT{K)
X = DMPETIM{IMATMAX) - 20D0*BSTER
Y = DQDYALX IMATMA X, DM PS 1 IM,DMPSPRE,CHECK)

DDMDT{IMATMAX K+1) = (DMPSPRF{IMATMAX - Y)(2. 00 BSTER)

KE=KI1
END DO

DMPDIPINIMATMAX) =D MU'I‘{IMATI‘-{A}[:K PFOMPS MIMIIMATMAX)

DO =2 IMATMAXA
BGSTEP =0 0,00

KKC=1
HCYC = KEC*ICYC

IFLGTIICYC) THEN
KKC=KKC+]
COTO 425

END IF

STRP = 10.0**{KKC-1)
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-y
L

I

BGSTEP = DGSTEP*STER

DDMDT(IL 1) = 0 0D
X1 = DMPSTIM(T) - 2.0D0O*RBGSTER

X2 =DMPESTIM(I) + 205L0YBGS T ER
¥1=DODRVALXLIMATMAX DIMPST P, DM PSPRTCIEECKD
Y2 =DODVALNZ IMATMAY DMPSTIM, DMPSTRF,CHECK )
DDMDT(L,2) ={¥2 - ¥1){(4.0D0*BGSTEP)

K=12

L WHILEDADS{DDMD T LK }-DDMDT{LE- 1).G5T T0OL)
BSTEP = BGSTERREAL(K)
X1 = 1MPSTIM(I) - 2.000*R5TEP
X2 = LMPSTIM(I} - 2.0DO*DSTEP
v{ = DODVAL{XT IMATMAX, DMPS1[M,DMPSPRF,CHECK )
¥ =DOLVALKZ IMATMAX TIMPSTIM DMESPRF,CHECK)
DOMDT{LE+1 = (Y2 - YI1}¥{d 0D0*BSTLER)
K=K+1

END DO

DMIDTED() = DIXNAD LK) * DMPSTIM{T

WRITE(*,*) 1, OK'

END DO

END IF

DO =1, IMATMAX !
WRITE(1,*} DMPSTIM{I),DMFSPRE(TLDMPSTETT)
WRITE(2.*} DMDSTIM([}, DMPL PO, DMDPSER(T
WRITE4.*] DMPSTIM(T) FREAXQI I} FRAXQ{ZT}

FND D

FORMATI2X F20.6,22 F21.R)

=TOP
END t
W H B R R RN R R Rt ek ok R RO SHOHH O  hh ek

Subrouine fon sigenvalue, ergenvector, aned Bessel lunction caleulation
ooy IMSL AMATH TIRRARY . 1t calculates all cocilicients and solves the
systemn of simultaneous equatians, Wellboie pressure, is denivative and
lraciivnal flow rate are also calenlated '

SUBROU INE LAP(S,JL.MWDL,MDMT..QFR)
IMPLICIT REAL*S (A-H,M,(}-Z)
PARAMETER ([.1.1=2,LL2=LL1+1,LL3=LL1+2,LL4=2*L1 1*LL2I [RING=0)

PARAMETER {IPATH=1,NCODA=1,1.13A=L1L1 I DD=LLI N=LL1.LTFYEC=LL1)
FARAMETER (NEQ=LL4,LOAZ=NFG)
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DIMENSION A{LLULLILEVAL(LLTLEVEC(LL LD ABILLZ LETLT 1,
+ AA(LL4,LL4), B(LL4},X(LL4),SCMA(LL2, LL1),BB(LL1,LL1)

COMMON/GM/CDINOBC,NLNANRD INFP JWELL SK(LL1),NPL{LLL)RD(LL3),
+  ST(LLZ,LLI)TS(LLZLL1ILRMLLT TLILYA(T T2 LT 1), XTMI12,LL1)

O CALL DWRERN{TS IN LAP' NZ NLTS LL2 ITRING)
C CALL DWERRRN{'ST IN LAP M WL 81T LL2 TTRING)

ICOUNT =0
DO I=1LNZ

DO I=I NI,
DO J1=1,NL
BL{ET1) = 0.0D00
A(T,J1) = 1.0D00 :
END DO .
END DO '

DO J=1NL
IF {J EQ.1}VTHEN
A1) = -XA[LD

£L SE IF {J.CQ.NL) THEN
ATI-1)= XA
EIL.5F

A1) = XALD
ALY = XD
ENDIF
ALTY= ST(LTI*S + XA(LY) + XTI
BB(I.T} = TS({LJ) -
END DO
C CALL TWRREN[A' NI NI A,LLLITRING}
C CALL DWRRRN{'BB'NLNLINLT1ITRING)

-
Loa

lijpenvalues (EVALTY & cipenvectons (LVIC(LNY) calewlation

CALL DGYUSPIN A LDA BRILDAEYAL EVEC LDEVE(C)

1

Storing eygenvalues & elgcnvectors

D I=1.NL
DO Jl=1,NL
ALKTLILITy = EVEC{LI
FEND D0
EMD {2
i CALL DWRRRN{EYEC NL NI FVRC LLLTITRING)

DO J=1,NI
T =EV¥AL(}
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SGMA(LT) = DSQRT(T)
END DO
CALL DWRRRN('SGMA SQUARE',NL,1, EVAL,LL1 ITRING)

EXND DO
[nitializing the avpmented matuix

DO 11=1,LL4
DO 12=1,LL4
AA(11J2) =0 0000
B(I1}) =0.0D00
END DO
ENT) DO

Seuting up the matrices AA(LT) & B fiown the houndary conditions

Wellbore condition
Far full penctration

IF(INFP.EQ.0) THEN
T=I
DO 1=, N-1 .
DO K=1N
ARGE=SCGMA(LK R
AA(LK)=ABHLL K DBSKOL(ARGE)
+ 1 SK(I*AELILK)*ARG6*DDBSKIT(ARGS)
| - AENLIH] KPFDMSEORATGH)
+ - BEOFINFALKLI=] KM ARGHY DEASK L E{ARGH)

N2= N**2 | N K

AA{IN2}=AELI ] K)*DBSIOEARGE)
+ - SK(J*ABILIK)* ARGE*DBSI I E{ARGE)
- - AR+ 1 K)*DBSIOE{ARGE)
- + SK(J+17*ABKLI+1 KW ARG6*DBSI I T{ARGE)
END DO
END DO

DO K=IN

SUMI = 0.0D00

SUM2 = 0.0D00

DO J=1,N
ARCE=SGMA(LKI*RTHT)
S1=TS(1,J)*AEI1, LK} ARGE*DBSK 1 E(ARGE)
SUMI1 = SUME 4 S1
52=-TS(II* AENLLK * ARGO*TIBST B(ARGS)
SUM2 = SUM2 + 52

END DO

AA(N,K1=S81IMI
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NI=N**24N+K -
AA(N,N3) = SUM2

TND DO

B(N) = 10000/

C  For partial penemation

LISl
=1
Do j=1 KL
NOaE=IN
IF {NPL{J) EQ) 0} THEN
ARGH=SGMA(LK)*RD{I} (
AATE)=-ATIL I EK)*DBSE T E{ ARGE ™ ARG
N2 =N* 24+ N+ K
AATN2)-AEHLIEDRSIITEARGE * ARGE
ENL IF
END DO
ERD DO
DO )= N-1
DO K=1N

IF (NPL{I}.EQ.1. AND.NPL{J+13.EQ.1} 1HEN
ARGH=SGMA(LK)*RI()
AA{LK)=AFI(T,J K)*DOSKOE{ AR{GG)

+ + SK{I*AELLLK)*ARG6*DRSK ] E{ARGH}
+ - AEKLT+1, K DRESKOE(ARGE)
4 - SE{I+11*ADI(LJ+1, K} ARGE* DBSK | E{ARGH)

M2=M**2+ N+ K

AA(LNZ}=AFILLE)*DRSICE{ARGH)
+ - SK{I*AENLIK)* ARGG*DNSTIF{ARGE)
4 - ACLTH LK) *DBSIOE{ ARGE)
+ + SK(J+11*AEI(I,J41 K* ARGG*DDSI TIARGS)
FND TF
END 10
END D0

DOK=1N

SUMI = (.0D00

SUMZ = DADD0

DO I=1.N

1F(NPL(J).EQ.1) THEN

ICOUNT = ICOUNT 1 1
ARGH=SGMA(LK)*RD(I) -
S1=TS(LI*ACKLLK* ARGE* DBSK 1E(ARGS)
SUMI1 = SUM1 - S1
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S2=TSLI*AELLLEP* ARGO*DDSILE{ ARG}
SUNI = 5UMZ + 52
FRDIF
END DO

AA(HK) = SN

NI=N*¥* 2+ N+ K

AA(N N3] = SUM2
END O

B{N) = 1.ODOS
END 1IF

. Sethng up equations from interface boundary conditivng

O =1,
DO I=1.N
DO K=1,N
ATGT = SGMA(LKPRINI+I)
ARG = SOMA(H+1 KJ*RD{1+1)
FACTOR! = SGMA(LE*{RD(1}-RD(1+1 3}
IKEACTORL LT-174 0D00) FACTORI = -170.0D00

Hguations lrom pressure continuily condition
Ni=I'N~+)
N4 = NHI- 134 K

AAINT N41=AEKL) K P DESKIE ARG P DEXHFACTORD)
NHi=HN+N*I-131 K

AA(NI N5=-AELI+1,],K)* DBSKUE[ARG2)

NG =N**2 + N+ N¥I-1] + K.
AAMINO=ACHLLEFDRSIOE ARG U DEXP(-T ALT10R1Y
WY =M+ No

AAMNINT=-ABHT LEP* DUSIOE ARG

€ FEguations from flow conbinuily condition

NE=N**24N*'T1]
AAMNINO=AENLILEKP*SGMA(LE*DDSKAEARGL)*

+ DEXP(FACTOR1}
AANENS=- AR+, T K SGVA(T+H K)*
+ DBSK1E(ARGZ)*EM(LI)

AA(NEN6)=-AEI(L]E)*SGMA(LK)*DDBST E(ARG1)*
' DEXF(-FACTORI)

AACNE NTI=AEI+ L] K*SCMA(IHL K)*
+ DDSTLE(ARG2)*RM(T,T)

END DO Lo
END DO : S
END DO
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C  Outer Boundary Cenditions

C

For infinile acling reservoll

IF (TNOBC E(.1) 1HEN

C  For closed outer boundary

GLSE IF {INOIMCEQ 2} THEN
DO J=1,H

DOK=1N
N = 25 (N**2) + N+
NID=N**2+K
ATG3 = SGMANZ K)*RD(NRD)
TACTORZ = SGMA(NZ, KMEDINZ)-RD(NRD))
IF(FAC1OR2.LT.-174.0D00) FACTOR2 = -170 HD0)
AA(NI,N10)=ABINZ, I K)*SOMA(NZ K)*DBSK | E(ARG3)*
DEXTFACTOR?)
NI1=2HN*2)+ N+ K
AA(NO.N11}=-ABINZ LK SGMA(NZ, KI*DBSI E{ ARG
DEXP(-TACTORZ)
END DO

END DO

. For constant pressure onter bomdary

3

~

ELSE IF (INOBC.EQ.3) THEN

D J=1,M
D0 =18

NO=32%HN**2)+ M +]

NIO=N**2 + K

ARG = SGMA{NZ K PRINNRLY)

FACTORZ = SGMANL IO I NZ)-IHNRTH)

AANG NIM=AE{NZ LK )*DOSEOR( ARG DEXP(FATTORY)
AANI NI =ABINZ JK)*DOSIOE( ARGV DEX P{-FACTORZ)

END DO +
END DO
FND I

Solution of (he system of equations

CALL DWRRRN{'AA NEQNEQAA, LLATTRING)
CALL DWRRRN('D'NEQ,],B,LL4 ITRING)

(PALL DLSARG(NEQ,AA,LDAZ B IPATH,X}
CALL DWRRRN('X NEQ,1,X,LT.4 [TRING)

Calcnlation of the wellbore pressure



FACTI = 0.0D(
SUM = 0.0D00
SUMI = 0.0D00
J=IL
=1
Do E=T.N
NI2Z=N*"*2+N+K
ARG4=SGMA(LK*RIXT)
MW=AELLLK)*DBSKO{ARGA)* X(K)* DEXP{ARG4)
+  AELILE)*DBSIARGA) X(N12)*DEXT{-ARG4) -+
] SK{)*AEY,LK)* ARG4*DBSK 1{ARG4pX(K)* DEXF(ARGA) -
' SK(1)* LIS K ARG4*DRSIL{ARCH ) *X(N12)*DEXP(- mae:q
SUM = SUM + MW
QF=ALILLK ¥ ARGH*DBSK I (ARG *X(K}*DEXP(ARGS) -
+  AENLLKARCG4*DASI (ARG4) X(N12)*NEXP(-ARGA)
SURIT = 5TIMIL 1 OFF
FMWD 0D

MWDL = SUM
C MWD, = MWDL/(1.0D00 + CD*{(S*RD{1)3**2}*ATWDL)
MDNIL = S*MWDL

QFR = SUM*TS(LIL)

EETTIRN
END
ME W R M e ok ok ool ok ok oo R ook ook R o R o R o b o ok R ko ko R

SUDROUTINE INYERT(IL, TDLNIE MDD MDM.QFR)
C TInversion from Laplace space to real space

IMPI.!('II ' REAL*E (A-H M (-2}

DMMENSION V{30)

IF{N.LEQILY (30T 85

i.=N

DLOGTW — 06231471 2055909000
N2=HN2

DO IN=1,N
KL=(IN1 132
K1) = MINO(TN,N2)
V(TN = 0.00000 i
DO K=KL,KiJ ,
T1 =FACT{2*K)
T2 =FACT(N2 - K)
T3 =FACT(K)
14=FACT(K - 1}
T5 = FACT{IN - K}
T6=FACT{2*K - IV}
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TI = {E**¥NI FTATIFT3*T4*TIATH)

V(IN) = V(IN) + T
END DO
V{INY = VOINY*((- 1) (N2 + IN))
EWNDITIOY

85 MD =0.0DMH

=

MDM = 0.0D00
QFR = 0.0D00
AT=DLOGTW/TD

DO IN=1,N
ARG = REAL(IN)*AT

CALL LAT{ARG,JT, MWDL MDML,OFRL}

MD = MD + V{INY*MWDL

MDM = MDM + VINFMDMI,

QFR = QFR + V(INPQFRIL
END DO

MD = MD*AT
MDM = MDM*AT
QIR = QFR*A'L

RETUEN
END

FUNCTION for FACTORIAL COMPU FATTION

FLINCTION FACTNF)
IMPLICIT REAL*E (A-H,0-7)

IF(NF (3E () THEN
FCT = 100100
DO [-2.NF
FCT = FCT*REAL(L)
FRD DO
FACT =FCT
ELSE
FACT = 000000
END IF

RETURN
ENT

FUNCTION EPS{YII25,YCO2)

(MPLICIT REAL*E (A-H 5, 0-2)
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A=TH25 + YCO2
V= YHZ5

EPS = 120.0N00%((A**0.9} - (A** 163} + 15.0D00%(D**0.5) -
+ (BY*4.0N

END

C
FURCTION TPC{SG,EP)

IMPLICIT REAL*S (A-H,M,0-7)

L
TPC = 1652000+ 34%.5D00%5(7 - 74 0D00*(SG++2)
TPC =TI - EF 'y

ERDD

FUNCTION PPC(SG, 1 PC,YHIS,EDP)
IMPLICIT REAL*S (A-H,M,0-Z)

PPC = 756.8000 - 131.0D00*SG - 3 BII00*F[SG**2)
PPC=TTC*TPCA{TPC + kP ) + YH2ZS*(1.0D00 - ¥ H25)*ET }

IND

C S
SUBROUTINE ZFACI(Z1,Z2N,ER 1| PR PPR,ZNEW, [}

IMPLICTT REATL*& (A-TLM.O-Z)
D210 1=1.N

Fl =FiZ1.TPE,FFR)
F2 = (22, IPR,PFR)

ZNEW = 22 - F2%({£2 - Z1WF2 - T1N
I'Z = F(ZNEW, TPR,PPR)
IF(DABS(FZ) LE FRT) THGN
RETURN
ENDIF
TZ=7Z1
71=72
22 =ZNEW
16 CONTINUE

RETURN
EnD

C - daas -
TUNCTION F{Z, TPR,PFR) - st !

IMPLICTI REAL*E (A-HM,0-Z)
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COMMOM /GMM/ AT A2 AT A4 AS AGATAS ATAINATTRLCCLC2C

Al =1 3265000
A2 = -1.07D00

A3 =-0.5339D00

Ad = 0.01569D00

AS = -0.05165D0O0

AG = 0.5475D00

A7 =-0.7361D00

AS = 0.1844D00

A9 =0,1056D00

A0 =0.634D00

A1l =0.721D00

11 = RHO(Z, TPR.FPR)

C=AlI*RI**Y

Cl = Al +(AZTPR) + (AJ{TPR**3)) + (AdATPR*3d}) + (ASHTPRY¥S))
C2 = AG+ (ATTPR) + (AB{TPR**2))

(73 = ASS((ATTPR) -+ (AS{IPR*2)))

Cd = A1*(1.0DO0 + CP{RI** 20 TPIL**31*EXP{-C)}
F=2Z-{1.0D00 + C1*R1 + C2*(R1**2) - CI¥RI14+5) + C4)

END

FUNCT1ION RHO(Z, TPR,PPR)
IMPLICIT REAL*E (A-HM,0-7)
RIICY = 0.27DD0*PPR/(Z *TPR)

END

== = ey =

FUNCTION DEFZ,TER;

IMPLICIT REAL*E {A-HM,0-Z)
COMMON /GMM/ ALAZ AT AL AS ALAT AR AD A0 AL 01,022,035

C6 = (2ZUDOGFA [O(RIF+2){(TPR**3)1*7))
C7 = CoM(1 4000 + C - (CH* ¥ EXP(-C)

LF =1.0D00 + CIYR1IZE + 20D00*C2HR1**2VZ - SADHFCI*RI**5VE
+ +07

DE =D LIPR

ERD

SUBEMITINE DANRITIOTPR D DR)
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IMPLICIT REAL*E (A-HM,0-Z)
COMMON /GMM! A1AZ AL AL AS AGATARATATOATI R CCLCOS

C5 = (2 0D00* A NP RUTPR** 341 0D00 + C - C**2 1*DEXP-C)

DZDE = C1 + 20000 C2* R - 50000+ C3*RI1*#4) + C5

RETURN
END
C — T — =
SUBROUTINE CR(Z, TPR PPR,RC)
IMPLICIT REAL®S (A-H M, 0-7)
CALL DZDRHO(TPR,DZ1)
R{ =RH(({Z.TIR PIR)
RC = LODOKPPR - (0.27D00R(ZM* 2P TPRY*(DZ 110000 + RI+DZ1/Z))
ROTURN
END
O T
FUNCTION VISCOG(P,T.ZWM)
IMPLICIT REAL*3 {A-H,M,0-2)
R = 1 4935D-03 P*WM/I(Z*1)
D = (%.4D00 + 0,02D00* WM)*(T%*] 5)
F =209.0000 + 19.0000* WM + T
FK = DE
X = 2.5D00 + PE6.0D0NT + 0.01DH*WM
Y = 2.4D00 - 0 2D00%X
VISCOG = RK*{LEXP(X*(RR**Y 1)1/ 10.0000%%4)
END
c -

FUNCTION VISCOGZ(E, T, 7, WA}
IMPLICIT REAL*E (A-H M, 0-2)
L= LA93SD-03%F WM Z*T)

D = (3373000 + Q.O160TDHM W * [ T**1 . 5)
L=2022000 + 19.26D00%Whi 1 |

EE =IVE

A= 3448000 + G5O ADOOT + ] 000000 WM
Y = 2447000 - 0 2224D00 X

VISCOG2 = REHEXP{XHRR**Y)1*1.0D-14

END
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FUNCTION PSCUPC(SG, YH2S, YOO YNZ)

IMPLICIT REAL*E (A-H M, 0-2)

PEELTPC = 678 QD00 -50.0000% (SG-0.5) 2206 TDO0*YN2 -+ 440.0000* Y CO2
+ + 606, TROOYYII2S

END
C C ey = ro- 1 =
FUNCTION PSEUTC(SG, YH28,YCO2, YN2)

TMPLICIT REAL*8 (A-H M, 0-Z)

PSFEUTC = 326,0D00 +315 TD0O0{SG-0.5D00% 2240 GDO0* YNNI -
+ BIADNI*YC02 4+ 133.3D0O0*YH28

END
C - == === xT (s =
SUBROUTINE ZFAC2(ERTN.P T. PSEUPC,PSEUTC 2, 1YH)

IMPLICIT REAL*S {A-HM.O-Z)

PR = F/PSELPC
RTR = PSEUTCT

A =6.1250-02 * RTR * DEXP( -L.2D00%( (1.0D00 - RIR)**2} )
B=RIR *{ 14 76D00 - 9.76D00 * RTR +4,55D00 * (RTR**2) )
C=RTR *{ 20,7100 - 242.2D00 * RTR + 42,4000 * {RTR**2})
D=2 18D00 + 282000 * RTR

¥ =1 {103

NGO 100 I¥1l=1,N
F=-A*PRA(Y S Y*Y +Y*43 Y2 4)/((LODID Y53} IIFYHY + CHY 4T

[F(DABS(E) LE ERT) TIIEN
Z —AFPRYY
RETURN
FI SE
DFDY =(1.0D00 1 4.0DHH*Y*(1,0D00 VY=Y %Y+ Y**4)/(( 1 0D00-Yy* %4}
+ . ZODOGBEY 4 DFCHY (T - 1.0D007)
¥ = Y -FDFDY
ENDITF

100G CONTINUE
L= A*PRIY

RETUEXN
EMI
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[UNCTION VISC{SG,T, TR, PR, YC,YH.YN)

IMPLICIT REAL*S (A-ILM,0-2)

AAl=-24631182D-00
AAT =2 070547 [4T3-1H}
AATS =-2 Beled034D-01
AAd =R054N52203-03
AAS =2 RORG0940D-00
AMG =3 ARR03INGTI-(H)
AAT =3 6037202D-01
AAR=-1.0443241312-02
AAY=.7O93385684D-01
AA D= 30643 2060-00
AAll =-1 49144925131
AaAl2 = 441015512003
AAIT=38.39387173D-02
AAld=-1 B6ANER48D-0)
AA15=2033078810-02
AALO = -0,09570263D-04

U={1.709D-05 - 2 062 I06*5G (T - 460.0D00}
V= {B.188D-03 - 6 15D-03*DLOGIH 50
IV=1U+Y

CH =YNHEARD-03*DLOGISG) + 9.59D-01)
CCO=YC*D.DED-33*DLOGIO(3(F ~ 6.24D-03)
CH=YH*(RA9D-03*DLOGIHEGE) + 3 730-03)

M =1 CN+ CCO +CH

X1 =AAL+AAZ*PR 1 AATHPR¥*2) 2 AAASPR**1)

X2 = TR*(AAS + AAG*PR + AATH{FR**2) + AARHPER**3))

X3 = (TR 21*(AAD 1 AATFPR + AATL*(PR**2) 1 AA1ZMPRA43))
X4 =(TR**3IPF(AALY + AAMYPR + AA LS*(PR**2) + AALGHPR**3Y)
X=X1+X2+X3+X4

VISC = DEXPXYUMA TR
EMT

{7 =T ===
SUBROUTINE INTRGP(PRES,PSEULOP)

IMPLICIT REAT*R (A-H M O-2)

COMMON/CINTI/Z1, 22 N.ER TP TRC2 PRCLITPC, W, SG, Y CO2, YH2S,
+ YW BASF

DIMERSION T(100,100)

A =DASE
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B =PRES

T(1,1) = (B - AJ*(FNCP(A) + ENCP(B)}2 0D
T(1,2) = T(1,1)/2.0D00 + (I - A)*FNCP((A + B)/2.0D00)/:2,0000
T(2,1} = (4 GDOO*T(1,2} - T(1.13)/3 0000

I=2
DO WHILE (DABSAT, 1 -TO-LBNTLL.GE ERT)
T=J+1

DELX = (D - AY{2.0D00**(J-1})
X=A-DELX

NI = 2%%(]-2)

SUM = 0,0D00

D I=1,H]
X=X+ 2{DM*DELX
SUM = SUM + FNCP(X)
EWND DO

T{1,3) = T(1.J-1)¥2.00R00 + DELX*SUM
DOL=2]
K-J41-L
T(L,K} = (T(L- LK 1)*4.0D00%*(L-1) ~T(L~1 KJ)(d 0DODYH{L.1)
+ -1.0D00)
END DO
END DO
PSFUDOR = T(J,1)

EETIIEN
ENLD

FUNCTION FNCP(X)

IMPLICIT REAL*S {A-H,M,0-Z)

COMMON/CINTI/Z1.Z2Z.N,ERT, TPCE TRC2, PPOEPPOL WM, SG, YCO2, YIS,
+  YN2.DBASE

COMMONCINTZ TEMPR, FRESSING

TFR| = TEMPR/TICI

PPRT = X/PP(] o

CALL ZFACUHZ1,7Z2 NFRT,TPR!, PPR1,ZNEW1,T}

VISGI = VISCOG2(X, TEMPR, ZNEW1.WM) . *

FNCP = 2 0D00*XAZNEW T *VISGL

131



END
(=== N
SUBROUTIMNE GASGRA(G. WM PSEUPC PREUTC B)

IMPLICIT REAL®E (A-H M, (-Z)

COMMON [FRAC X(12)
DIMENSION RMW(12).PC(12),TC(12)

DATA RMW /34.08D00,44.01 11200,28.014D00,16.04 31030,30.07 OO 44 1 D0,
+ 58.124D00,53.124D00,72.151D00,72. 151 D00, 86 178D0O0, 1 28 0205100

DATA PC /! 1306.0D00,1070.6D00,493.1D00, 667 8000, 707.8100,616. 300,
+ 529.1000,550.7D00, 490, 4D 00,423, 6D 00,445 7D 00,4 10.6D00 /

DATA TC ! 672.5000,547. 600,227 3D(N),343 1000549 8000, 665 7100,
+ 7347006765 3D00.8 28 ED00 845 3D00.888 5D00,%958.3000 /

G = 0.0D00

TCMA = .0D00

PCMA = D.0DAG

PEMW =0.0000 .

DO I=1,12 .
WM = WM + RMW{T*X(I} 1
G = G + RMW{I}*X(1)}¥25.966D00
FOMA = TCMA + TC{)* X 1)
PCMA = PCMA + PCITI*X(T) ,
LEND DO

A=N(13+ X(2)
B =120 0DNOH A0 9 - A1 5] + [50DO0*X{1)**0 5 - X(1)¥*4 M)

PSEUIC =TCMA - B
PSEUPC = PCMA*PSEUTC/HTCMA + X(1)*(1.0D00 - X{1))*B)

RETURN
END

SUDRROUTINE INVPSTRES(ISELDRO. FRES)
IMEPLICTT REAL*E (A-H M, 0-7)
PARAMETER (N=1, NPARAM=50) '

C SPECIFICATIONS FOIL LOCAL VARIATBLES
DIMENSION A{1.1}, PAPAM{NIARAM). Y(N)

C SPRCIFICATH NS FOR STIBROUTIMES
EXTERMAL DIVPAG, S3ET

C SPFECITICATIONS FOR FUNCTIONS
EXTERNAL FOM, FONJ

{ Initialize

;
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CALL SSET (NPARAM, 0 0, PARAM, 1}

I =1
T = 00000
¥(1)= 14 TD00
TOL =1.0D0-06
TENT} = PSEUDD
Inteprate ODE
The array a{*,*) is not used.
CALL DIVPAG{IDO, N, FCN, FCNI, A, T, TEND, 100, PARAM, Y}
PRES = Y{1}
IDEY=73
CALL IMYPAG (1120, M, FCN, FCNI AT, TEND, TOL, PARAM. Y}

RETURN !
EMI

SUBROUTINE FON (N, X, ¥, YPRIME)
SPECIFICATIONS FOR ARGUMENTS
IMPLICIT REAL*S (A-HM,0-Z)
DIMENSION Y(N}), YPRIME(N)

I =Y¥(1}
CALL CALPRES(P,Z,VS}
YPRIME(1) = Z*VS42.0D00*P)

RETURN
END

SUBROUTING FCNI (N, X, ¥, DYPDY)
SPECIFICATIONS FOR ARGUMENTS
IMPLICIT REAL*E {A-H M O-7)
DIMENSION Y(N), DYPDY{N *)
This sulioutineg is never called
RETIIRN
EMD}

SUBROUTINE CALPRES(PR ZNEW VSC)
TMPLICIT REAL*S (A-FLM.0-Z)
COMMONAINTI/ZLZ2 M ERT, TIFCL TPC2, PPCLEPC WM, 5G, YCO2 YH2S,
1 YN2,BASE
COMMON/CINT2/TEMPR, PRESSINI
PRI ="TEMPR/IPCL . Y
PPR1 = PR/PPCL t R
CALL ZFACUZ,22,N,ERT, TPRY PPRI:ZNEW.T)
VSC = VISCOG2(PR, TEMPR,ZNEW, WM) ‘

RETURN
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END

C -
SUBROUTINE MDTOMW (MDD, MW)

IMPLICIT REAL®E (A- LI M, 02 .
FARAMETER {SCLEME =228 71 DO0SCPRESS = 1.01325105%)
COMMON/CINTAMINLQST, TMPILPLTTS,QD HT

MW = MINL - MD*QST*TMPR1*SCTRESSATT*TTR*SCTEMP})
RETUIEN

END

= — T === ===
SUBROUTINE INYPSTIME(KCY, IM AN PSTIMA,PRTEME FIIMETIM)

IMPLICTT REAL*E (A-H M, 0-Z)

COMMON/CINIZL Z2 W ERT.TPCL TRC2,FPCLFPC2 W, 56, YCO2, YH2S,
+ THZ,BASE

PARAMETER {ICYCLE=22)
DIMENSION PSTIMA(IMAX).PRTEMP(IMAX), T{ {00)
KKC=1

225 [CYCLE = KEC*TCYCLE
IFKCY GTIICYCLLE) NN

KKC=KKC+] .
GO0 225
END IF
1=1
ERD = 1,0D-05
C  IRKKCEQ3) FHEN
N=11H}
C FELSk
C N = ${HKKC
C  ENDIF
250 A = 0.0D00
' = PTIME

CALL FANDA IMAX PSTIMA PRI EMP FANAT
CALL FAND(B IMAX PSTIMA PRTEMP.FANTY)

DELX = (B-A}(2 0DOD*N} .

5lIM =FANA + FAND
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SUM1 =0 01300
NI=2+N-1
DO =1.N1,2

X=A+I"DELX
CALL FAND{X,IMAX PSTIMA,FRTEMP FANX}
SUMI = SUMI + FANX

ERD T2
H2=2*"N-1
SLim2 = 0.0D00

DO T=2N2,2
I
X=A+TFDELX
CATL FAND{X IMAX FRTIMA PRTEMP FANX)
SUM?2 =51M2 4 FARX

END DO
Ti{I} = DELX*{5UM +4.0D00*SUM + 2 0DO0*SUM2)/2 6DOO

IF(I.EQ.1) THEN
I=+1
N=N+50
GO 230
ELSE IF(DARS{T(T-T(J- 1)} 1{J-1)) GT ERD) THEN
I=Jr1
M=M+ 5}
10 25
END IF

TIM = T(!)

RLETU:RN
LEND

SURROUTINE FAND{X, IMA X, PSTIMA PRTEMP.FANS)
IMPLICTT REAL*S (A-H.M,0-£}

PARAMEITER ("SIPA=6.804757D03,CPPAS=1.0D-03)

1

DIMENSION PSTIMA{IMAX),PR L EME(IMAX)

CALL CALTIM{LIMAX PSTIMA PRTFMP, GO VEC)
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FANS = (GOT/PSIPA Y VSTHCPPAS)

END

SUBROUTINE CALTIM{X, IMAX PETIMA PRTEMP GOT VEC)

IMPEICIT REAL*E {A-HM,0-7}
PARAMETER (PRIFA=G 89475703, CTPAS=1.0D-03 PSCPRE={PS P A 2VCPPAS)
¢

DIMENZION PETIMATMAX), PRTEMT{TMAX}

COMMON/CINTIZLZ2 N ER TP TRC2LPPCLPPCL, WL BG,YCO2, Y125,
+ YN, BASE )
COMMONACINL 2/ TEM PR PRESSINT

TPR1 = TEFMPRTTPC]

CALL INTRPOL{X, IMAX, PSTIMA PRTEMP,P'W)
PPRI = PW.PPCI

CALL ZFACI(Z1,Z2,N,TRT,TPR1 PPR 1 ZNEW,])
VSC = VISCOG2(PW, TEMPR, ZNEW, WM}

CALL CR{ZNEW.TFR1.PPR1,CRT)

GO = CRTMPRC)

RETURN
ENI

SUBROUTINE TURRINT(L,RINY, PERME, PIIIT,RETA, KN )
IMPLICIT REAL*R [A-H,M,0-7)

PARAMETER (PSIPA=6 894757D03, CPTAS=1.0D-03 FSCPR={PSIPA**2)CFEAS)
PATLAMETER (MDMTS=09.86923D-16, CONNI=1 5641-18)

PARAMET'ER (CONBETAI=4.851 1D, CONBETA2=2 6D i}
PARAMEER(LF=2,.FI=LF+1,LF}=LI+2)

COMMON/CINTI/Z1,Z2,N,ERT, 1 PC1 TPC2,PPCE PPC2, WM, 5G, YCO2. Y H2S,
+  YN2I,BASE

COMMON/CINTZTEMPR, PRESSINI

COMMON/CINTA/MINLQST, TMIR1,PI,TTS,QD, [IT

COMMON/CINTSIBETA RW

COMMON/CING/ PERM{LE 1,LF},RDR(1.F2}, PHIR{LF1,LF)

TR = TEMPESTPC]
PER = PRI-ZRINEFEC]

CALL ZFACIHZL Z N FRT, TPR, PPR, ZNEW 1)
Wall = VISCOGHPRESSINL TRMPR, ZNEW ,Wh{}

[=1
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1973 IF(RINV.GE.RDR{) AND RINV.LT.RDE(H 1)} THEN
™M=1
SUMMA = 0.0D0
SUMMA 1 = 0,000
DO J=1M
IF{J.NE.IM} THEN
SUMMA = SUMMA + (DLOG(RDR(] | 1VRDR(J))PERM(I,IT )
SUMMAI1 — SUMMA] + PHIR{LIL)*{DR{}+1) - RDR{T)}
ELSE
SUMMA = SUMMA + (DLOGIRINV/RDR{))PERM{)LIL)
SUMMA 1 = SUMMA I + PHIR(I,ILYHRINY - RDR(J))
END TF
END DO
ELSE
T=1+1]
GO0 1973
TND IF

PERME = DLOG(RINY/RDR(1))/SUMMA
_ PHIT = SUMMAARTNV - RDR(1)} .

VA =DPRERME**2
VI = TEMPRAVSC*RW

IF(IDETAFQ.1) THEN
RETA = CONBETA L{DSQR1(PERME)Y*(PHIT**5.5))
EIL.5E
BEI'A = CONBETA2{PERME®*1 2)
END TF '

RNT = ZONNT*YA*BETAYSG*MINL{YR*FSCPR)

RETURN
END

C=
SURRGUTINE FORCHN{L OQF RINY PERME,PIIIT,EETA RNT,FNO)

IMPLICIT REAL*E (A-TLM,0-Z)
COMMONCINTAMINLOST, TMPR] ,PI,TTS,QD,fIT
CALL TURBINTIL.EINY PERML PO BETA RNT)
FRO = QD*RNT*F

RETURN
ENT}

C ~ :
SsUBRCOUTINLE CORTURN L OF PRESE,RINY PFRME PHIT, BETA FNCO.RNT.CEE]D)

IMPLICIT REAL*E (A-H,M,0-7)
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COMMON/CINTSABETA,RW
CALL FORCHN{IL,QF. BINY PERME,PHTT, BETA RNT.FNQ)
IFGENCLGT.0.0D00 AND FNO.LT.0.1D00) THEN »

CEF1 =1 0D00
ELSE IF{FNQ.GE.0.1D00. AND FND.LE 1.0D00) TIIEN

CALL. VSCRATIO(PRESS, FMLY
CEE1 = {1 (I3} - RW/RINVY*FMU

ELSE [F{FN(.GT.1.0D00) THEN

CALL VSCRATIO(PRESS, FMU)
CEE1 = { 10000 - RW/RINVI*FMUAFNO**) 023D00)

EMD II¢

RETURN
END

SUBROUTINE VSCRATIOPEESS FMLUT)
IMPLICIT REAT*R (A-H.M,0-Z}

COMMOMCINTUZ LZZ N ER LTI TTC2 PRC] TRPC2W M SC, Y CO2 Y HEZS,
+ TNZEBASE
COMMONKCINT 2/ TEMPR, FRESSTNT

TPR, = TEMPR/TPC1

PPRU = PRESSINI/PTCI

PPR1 = PRESS/PPC] |
CALL ZFACI(Z1.Z2Z.NERT.TPR, PPROZNEWO,T)
CALL ZFACHZ1,72,N,ER [, PR PPR1,ZNEWL,T}

Y500 = VISCOGHFRESSINIL EMPR,ZNEWO. W)
VECT = VISCOG2{TRESS. TEMPR ZNEW1,WH])

MU = V300V EC]

ELTURM
END

FUNCTION RADINV(1D)
IMPLICIT REAL®R (A-11.M,0-Z)

COMMON/CIN ['SABET A, R'W
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RADINY = 1.SDO*RW*DSQRT{TD)

FND
i =
SURROUTINE NDARCY LWL RINY . DMUY

IMPLICIT REAL*E {A-HM,0-7)

PARAMIETER (PSIPA—G.2804757D03 CITAS=[.0D-02, PSCPR=(PSIFA**2)/FPAS)
FARAMELER (CONDMIT =2.22403-12 , MDMTS = .8609230-16)

PARAMELER (FTM = 0.3043D00,ICYCLE=22, CUNBFTA =4 B511004)
PARAMEITR(IF=2 1F1=LF+],LF2=LF+2 CONBRETAZ=2 A1210}

COMMON/CINTS/TRETA W

COMMON/CINTI/Z1,Z2, N, ERT.TPC 1, TPC2,PPCI, PRC, WM, SG, Y02 YH2S,
+  YN2,BASE

COMMON/CTNT2/TEMEPR PRESSINI

COMMON/CINT4MINILQST, TMPR1,PLTTS,QD,HT

COMMON/CING PERM(TF1,LF),RDR{LF2},PHIR(LF1.LF)

PPR1 = PRESSINLPPC]
TFRI ="1 EMPRS L PC]

CALL ZFACI(Z1,Z2 N,ERT, TPRI FPR], ZNEW I}
VECT = VISCOGHPRESSINL TEMI'T, ZNEW | Wh)

I=1

1997 TF(RINV.GE.RDR(ILAND RINV.LT RDR(1+1)} [[IEN
M=1
STMMA = 0.0D00
SUMMAI = 0.0DOC
SUMMAZ2 = 0.0D04)
DO J=1,1M
IF{) NE I} THEN

IF(IBETA.FQ.1) THEN

VTR = DSQRT{TERM{J,JL.))*CONRETA L{PHIR(I JL)**5 5)
ELSF '

VIR = CONBETAZ{PERM{J,IL)**) 2}

END IF

STMMA = SUTMMA + VPRH(1 1DINFRDE(]) - 1.0DOMRDR{H1))
ELSE

IF{IDETA.EQ.1) THEN .

VPR = DSGRT(FERM{}IL)*CONBETA LA PHIR () IL 5.5

EIL.SE
VPR = CONBELAZ(PERM(I,IL)**0.2)
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END IF ,
SUMMA = SUMMA + VPR*(LODOO/RDR(J) - LODOORINY)

ENDIT
LN T30
FLEE
I=1+1
GOTO 1997
ENL IF ‘

VB = CONDMU*SGAHT/E1 M}
DMU = SUMMA*VB/VEC

REETURN
END

SUBROUTINE FSEUDRTR{ X, (¥T}

IMPLICIT REAL*E (A-1 M 0-Z)

PARAMETER {IMAXPRESS = 10000, JPRLEN = IMAXFRESS/S0 + 1)
COMMONTRPS/PSEUDOPR(IPRLEN L REAL PR{IPRLEN)

LOGICAL. CHECK
EXTERNAL DODVAL

CITECEKE = TELUE.
QT =TQDVALXIPELEN,PSFUDRGPR, REALPR, CIIECK)

RETURN
LEND

SUBROU I'INT INTRPOL(X,IMAX PSTIMA PRIIMP,QT)
IMPLICIT REAL*E (A-H M,0-Z)
DIMENSION PS INMA(IMAX),PRTEMP{IMAX)

LOGICATL CHECK
EXTERNAL DOQDYAL

CHHECK = . TRUE.
Ol =DODVALIX IMAX PSTIMA FPRTEMP, CHECK )

RETUEN
END
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