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A NUMERICAL STUDY OF THE PRESSURE BEHAVIOR OF
A VERTICAL WELL IN A DRY GAS RESERVOIR

SUMMARY

Predicting production performance of a dry gasmese for reservoir management
acquires understanding the behavior of pressunsigmats and fluid distribution over
both space and time. In recent years, reservoilators have been extensively used
to build various reservoir and well models to inigegte and visualize the process
under a series of potential scenarios, such dsdrilew wells and injecting fluids.

The objective of this project is to develop andspré applications of a two-
dimensional (2-DY-z, fully implicit, single-phase, real gas simulatiorodel with a
single well located at the center of a cylindricakservoir. The mathematical
formulation is described in detail with wellborestge, skin and non-Darcy flow
effects firstly, and then it is followed by an exséve verification of the simulator
developed in this project with a well-known welktenalysis software in order to
perform a number of real field applications suchstdard and routine tests of
natural gas industry (i.e., flow-after-flow, isoohal and modified isochronal tests)
for both partially and fully penetrated wells eithe a single or multilayered
systems. The simulator is also capable of condydirpacker-probe test called as
Mini-Drill Stem Test (MiniDST) for estimation of servoir properties such as
permeability, skin, etc. The effect of non-Darcgwl on pressure solutions at the
tested well as well as throughout the reservoirther entire flow rate history is also
investigated in a different manner than describedhathematical formulation such
that the a non-Darcy flow area in radial directisnntroduced and restricted to a
region of a specific radius which is concentrichwitellbore.

As the problem is non-linear, solving pressuresaath gridblock at a specific time
may require more than one iteration. Since twaed#it methods called as functional
iteration and Newton’s methods are applicable ttvessuch systems, they are
analyzed, verified using at least two differentveos with respect to accuracy and
speed.

With the great help of user friendly interface immdows, numerous useful tips are
available such as graphical outputs for pressusporeses or well test analysis
purposes, creating non-uniform grids on verticaisawiewing heterogeneous
porosity and permeability distributions after pudtiheterogeneous distributions of
permeability, porosity as well as skin and non-paitow coefficient in the radial

direction (at the gridblocks adjacent to the wel)ananually as input. It is also very
easy to generate and investigate the consequeheasaus injection and production
scenarios. Using such a simulation tool provesulgef have a better insight into
how pressure transients move around in a resemho& to production and/or
injection of a single well located at the centethad cylindrical reservoir. In addition
to logarithmically sampled time step selection alpon, an automatic time step
selection algorithm has also been implemented abtlte simulator can accurately
simulate fast changes in pressure by allowing shdiine steps automatically to be
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taken in simulation. The simulator is coded in \bisBasic .NET which allows
object oriented programming and working on a wingdwendly interface. The
interface is also capable of visualizing pressustridutions over space and time.
Several example reservoirs are considered for dstraiimg the utility of the
developed simulator and the interface coupled @thi which may enable one to
conduct visual studies of well pressure transientsomogeneous reservoirs as well
as heterogeneous reservoirs.
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KURU BIR GAZ REZERVUARINDAK I DIK BiR KUYUNUN BASING
DAVRANI SININ SAYISAL S IMULASYON CALI SMASI

OZET

Bir petrol rezervuarinin, rezervuar yonetimi icireim performansi tahmini, basing
ve akgkan dagilimlarinin zaman ve pozisyonaghaolarak davrariarini anlamayi
gerektirir. Son yillarda rezervuar simulatorleripgamli kullaniimasiyla, ¢cok sayida
rezervuar modelleri okurularak bu sire¢ @esik kosullarda incelenmek ve gorsel
olarak canlandiriimaktadir.

Rezervuar simulasyonu, fizik, matematik, rezervmaiihendislgi ve bilgisayar
programlama bragharini birlestirerek, cok cgitli calisma kaullar altinda rezervuar
performansini tahmin edebilecek bir arac giemeyi esas alir. Sayisal rezervuar
simulatdrleri yaygin ve oncelikli olarak kullaniligiinkli herhangi B&a bir yol ile
cobzlilemeyecek problemleri ¢cozebilirler. Daha huduz ve guvenilir sonuclar elde
edebildgimiz icin basit problemleri bile sayisal rezerviamdilatérleri yardimiyla

¢cbzmek ¢gu zaman en iyi yol olarak goérulebilir.

Gunumuzde, galmis rezervuar simulatorleri, Uretim planlamasi tahmiai ¢aitli
kararlarin vermesi gibi amaclar icin endustride égelen petragirketleri tarafindan
kullantliyor. Modern simulatorlerin giveniligi ve bilgisayarlarin her zaman her
yerde mevcut ve kullanima hazir olmasi, rezervaarlatyukligiine bakilmaksizin
gunlik planlama ve karar verme amaglari igin rezarsimulasyonu kullanimini
pratik yapmaktadir. Hem olgun ve hem de gjieine gamasinda olan sahalar icin
uygulanan c¢ok g#tli senaryolar, similatérlerin  kullanimini  rezearu
muhendislginin kaginilmaz bir parcasi haline getigtm. Su anda, tum dinyada
rezervuar muhendisleri guvenle rezervuar yoOnetimgha tanimi, rezervuar
karakterizasyonu ve fiziksel yorumlama amaglarinigsayisal simulatorleri

kullanmaktadir.

Bu calsmanin amaci, iki boyutlur{z), sayisal, tamamiyle implicit, tek fazda, gercek
gaz ve silindir bir rezervuarin merkezinde tek kygysahip modeller galirmektir.
Oncelikle kuyu ici depolamasi, zar faktorii ve Daroymayan akii iceren
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matematiksel formulasyon detayl Rekilde tanimlanngtir. Daha sonra bu projede
gelistirilen simulatér sonuglarinin endustride ¢ok iylinen bir kuyu testi analiz
yazilimi ile kiyaslanmasi ve galugununun kapsamli bigekilde teyit edilmesi
amaclyla dgal gaz endustrisinin standart ve rutin testleri iakistiine alg,
isochronal ve duzeltilmgiisochronal gibi) kismi ve tamamen tamanlagiir kuyu
icin tek ya da tabakali rezervuar sistemlerinde ulsigmstir. Ayrica simulator
gecirgenlik, zar faktorii gibi rezervuar parametlgritahminini sglayan packer-
probe (MiniDST) testlerinin modellenmesi ve uyguteas! kapasitesine de sahiptir.
Tam aks boyunca kuyu dibindeki ve ayrica rezervuarin tioktalarindaki basing
¢cbzumleri Uzerinde Darcy olmayan gk etkisi matematik formulasyonda
tanimlanandan farkh bir yontemle ginailmistir. Bu yontem Radyal eksende Darcy
olmayan bir alg alani olgturularak, bu alanin kuyuyla ortak merkezli belibir

yaricapa kadar sinirlangivarsayiimstir.

Her bir hicredeki basinci belirli bir zamanda c¢oklgmek, lineer olmayan bu
problem icin birden fazla yineleme (iterasyon) ¢érebilir. Bu tlr sistemlerin
¢cb6zUmUnU sglayabilen foksiyonel iterasyon yontemi ve Newtonntgimi analiz
edilerek sonuclarin en az iki farkli matriks ¢ozigardimiyla duyarhlik ve hiz
Ozellikleri dikkate alinarak teyit edilmesi gercegirilmi stir.

Grafiksel araylz, basin¢g giaamlarinin goérsel olarak calimasini sglayarak,
davranglara klavuzluk eder. Byekilde gelgtiriimis bir similasyon aleti, basincin
sistem icerisindeki dgsiminin, bir tretim ya da injeksiyon kuyusuyla, rezgar
parametlerinin d@simiyle, heterojen ya da homojen gecirgenlik ve gridilik
dagihmlariyla, birden fazla go6zlem probe’lariyla olahaslantisini daha iyi
kavramaya yardimci olur. Simulatér, kendi Uretinatgjisine sahip birden c¢ok
Uretim ya da injeksiyon senaryosuyla rezervuaresigti modelleyerek, kuyu dibi
basinglarini her bir hiicrede ¢6zer. Logaritmik @kaartan zaman adimini segen bir
algoritmaya ek olarak ayrica otomatik zaman adeginsini sglayan bir algoritma
gelistirilerek, basinctaki hizli dgsimlerin bu adimlarin daha kucgik atilmasi
sgilanarak modellenir. Kullanicinin gdzeneklilik ve cggenlik icin heterojen
dagihmlar olwturulmasina imkan ganir.  Simulatdr, nesne yodnelimli
programlamayi ve arayiz gturmayi temel alan Visual Basic .NET’te kodlagtmi
Dusey eksende dizenli olmayan gridlerin glurulmasi, gézeneklilik, gecirgenlik ve

basin¢ dailimlari ile Gretim stratejilerinin kaydedilmesiegiden yiklenmesi ve bu
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parametrelerin  grafiksel analizlerini gerceftienek amaciyla iki boyutlu
gosterimlerinin  sunulmasi simulatorin geli  6zelliklerindendir.  Birgok 0Ornek

rezervuar similasyon modelleri géz 6ndne alinarsikptlatorin ve arayizin

yararlari gosterilnstir.
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1. INTRODUCTION

Reservoir simulation combines physics, mathematieservoir engineering, and
computer programming to develop a tool for predgthydrocarbon — reservoir
performance under various operating conditions ZAxid Settari, 1979). Numerical
reservoir simulators are used widely, primarily dese they can solve problems that
cannot be solved in any other way. Usefulness afarical models extends beyond
solving difficult problems; even on simple problensgmulation is often the best
solution method because it may be faster, cheapemore reliable that other
methods (Onur, 1997).

In the last 30 years, reservoir simulation hasealfrom a research area into one of
the most flexible and widely used tools in resenanigineering (Mattax and Dalton,
1990). Reservoir simulation has been extensivelyprawed parallel to the
development and enhancement in computer technotothe recent years. Modern
reservoir simulators based on mathematical modelsable to integrate spatially
varying geologic descriptions, physical laws gowggnmass transport and phase

behavior, well locations and constrains and mahgrofactors (Ertekin et al. 2001).

Nowadays, advanced reservoir simulators are usetkdnying oil companies for
management planning, production forecasting angidecmaking. The reliability of
modern simulators and the fact that computers laraya available and ready to use
makes simulation practical to use on all sizeseskervoirs for daily planning and
decision making. Application of such simulatorshoth mature and development
stage fields became an inevitable part of resemogineering. Currently, reservoir
engineers all over the world use numerical simugataith confidence; for reservoir
management, field description, reservoir charazaéion and physical interpretation
(Onur, 1997).



1.1 Literature Review

The field of numerical reservoir simulation has diee one of the fastest growing
bodies of knowledge over the past two decades,usecaf the strong demand for
reliable predictions of reservoir performance. Titeenendous progress in electronic
computing hardware and the significant improvementmethods of numerical

analysis were two important factors in the achiemets made in numerical models

of reservoirs (Esmail, 1985).

Numerical models which may address problems ocuyimither from nonlinearities
such as multiphase or non-Darcy flow or charadtggizhe complex reservoir and
well geometries has become more and more popular #nalytical models in
reservoir simulation. First attempts of reservamudation contain only standard
reservoir simulators with local grid refinement aky performed by engineers in the
industry. It was followed by pre-conditioning ofastlard simulator using PEBI
gridding in the first industrial project which takeplace in the early 1990’s.
Subsequently, there are numerous technical groupkivg on numerical projects
dedicated to reservoir simulation. In the latesargethere are big improvements in
automatic unstructured grids with the use of fastemputer technology which
allows users to generate models in much shorteestiand also without a strong
background in simulation. Unstructured (Voronoi, BPEgridding is commonly
replaced the Cartesian grids or finite elementsnodern reservoir simulators and

does not require any knowledge by the user to partbe successful simulation.

The objective of numerical simulation is to createdels that deal with problems
such as complex boundary configurations as wekasy problems for analytical
models such as the early time responses and lbgacitsampling of the time scale.
However, considering all concerns to obtain a $wiutin a numerical model
reasonably close to the analytical model generalipires to have smaller time steps
and more and more gridblocks close to the wellnoogen interval where pressure is

expected to change rapidly.

The methods normally developed in numerical sinouatwith a single-phase
slightly compressible fluid assumption can be coasd linear. However, gas, as a
single-phase fluid, is not slightly compressible&l anoreover, gas diffusion is not a

linear process, although real gas pseudo-func{jossudo-pressure and pseudo-time



transformations) were developed to linearize thablem (Al-Hussiany et al. 1966,
Agarwal 1979).

A systematic study has been made of the applicatidhe real gas pseudo-pressure
m(p) to short-time gas well testing. Ting&p) function can be used in real gas flow
problems to account for the variation of viscosiyd Z-factor with pressure. A
mathematical model was solved numerically to geresalutions of various real gas

flow problems (Wattenbarger, 1968).

A mathematical model formulated in cylindricak-zj, coordinates which can
simulate either a single-phase gas reservoir aroaphase (gas and water) reservoir
with the capability of including non-Darcy flow effts through Forschheimer
equation has been presented in the literature (@it 1986). Furthermore, Ding
(1986) and Reynolds et al. (1987) presented thiysinaof constant rate drawdown
data and subsequent buildup data for the casesewlwr-Darcy flow effects are
important examined. These works have shown thecteffied the correct evaluation
of the viscosity term which appears in the non-pditow term representing the
additional increase in the pressure drop througlioeitreservoir due to non-Darcy
flow effects. On the other hand, Kabir (2006) sugige two step approach based on
multirate transient drawdown tests, followed orgested by a buildup in order to

estimate reservoir parameters that may be of isttere

1.2 Statement of The Problem

The main purpose of this thesis is to develop aerigal simulator that simulates
pressure behavior of a vertical well under 2H2)(flow in a dry gas reservoir.

During the course of this work, a numerical simoitabased on a mathematical
model which is formulated in cylindrical-¢), coordinates is developed to simulate
the pressure behavior of a vertical well in a ®Aghase real gas reservoir where
gravity effects are neglected. The simulator cosrsich single well located at the
center of a cylindrical drainage region. The resgrwhere the top and bottom
boundaries are closed has a uniform thicknes$he outer boundary is a closed or
no-flow boundary. The permeability and porosityassumed to be independent of
pressure, and the flow in the reservoir is assutodek isothermal. The non-Darcy
flow effects through the Forschheimer equation banincluded in the pressure



behavior of the well and the reservoir. As mentbabove, we consider the gas as is
real gas and, therefore, the viscosity and real dgsation factor £-factor) are

computed by the Lee et al. and Dranchuk and Abws&mscorrelations, respectively.

A finite wellbore volume may be included to approgite the effect of wellbore

storage which is discussed in Chapter 2. A constaiet need to be specified at
standard conditions (i.e., at the wellhead). A sege of constant rates where a
production period may be followed by a buildup (st@amt rate may be zero to

represent buildup) may be simulated.

Model neglects gravity effects, but in the singhexpe gas case, the consequences of
neglecting gravity effects are negligible since tloav will be controlled primarily
by gas mobility because gas viscosities are srraladdition, the densities of dry

gases are small.

The generation of both thredirection andz-direction grids is thoroughly discussed
in Chapter 2. Unlimited numbers of layers can beusated.

Properties such as skin, thickness of skin zombutence factorsi(in both ther and

z-directions and in the skin zone) and thickness waay from layer to layer whereas
permeability and porosity may vary from grid blackgrid block. Within each layer
we may include several gridblocks of variable thieks inz-direction. Whether a
layer is open to flow or not must be specified tigio the input data. An arbitrary

section of the wellbore adjacent to the formaticayrbe open to flow.

1.3 Scope of the Thesis

Firstly, the mathematical formulation used to depethe numerical simulator is
described. This is followed by an extensive vediien of the simulator with the
well-known well test analysis software called asREC in order to perform a
number of real field applications such as standard routine tests of natural gas
industry (i.e., flow-after-flow, isochronal and mbed isochronal tests) for both
partially and fully penetrated wells either in agle or multilayered systems. In
many oil and gas reservoirs, producing wells amageted as limited-entry wells;
that is, only a portion of the zone is perforatédhe limited-entry is adjacent to top
of the formation, then wells are usually calledtiadly penetrating wells. Limited-

entry or partial penetration completions are prefédue to many reasons, but the



most common one is to prevent or delay the intrugib unwanted fluids (gas or
water) into the wellbore. Limited-entry or part@@netration will cause performance
which, if not properly evaluated, can be mistakenférmation damage and can lead
to errors in the interpretation of well-test daRBill{artz, 1977). Another real field
application which may be coupled with the applimatcase mentioned previously,
called as packer-probe test is also describederCtmapter 4. Traditionally, different
testing procedures like flow-after-flow, isochrorzald modified isochronal tests are
used to estimate parameters required to provideedability estimates of gas wells
and reservoirs. The turbulent or non-Darcy floneef§ close to the wellbore, which
appear as rate-dependent or non-Darcy skin, reqgas wells to be tested at a
number of rates with the above mentioned testss<o ae able to estimate the non-
Darcy flow coefficient by separating the mechangléh component from the total
skin factor (Horne and Kuchuk, 1988). The non-Dafloyv effect on wellbore
pressure as well as throughout the reservoir ie aigestigated in an example
application in Chapter 5. In addition, the effedt rmn-Darcy flow on pressure
solutions at the tested well as well as throughbet reservoir is considered in a
different manner than described in mathematicahtdation such that the non-Darcy
flow region is restricted to a region of specifadius which is concentric with the
wellbore. The thesis ends with conclusions andmewendations which are given in
Chapter 6.






2. MATHEMATICAL MODEL FOR 2-D ( r-z) REAL GAS FLOW IN
POROUS MEDIA

Mathematical models refer to physical processehl asahe flow of fluids in porous
media. Fluid flow in a reservoir can be characttiby partial different equations
(PDEs) based on conversation of mass, which areectad into a numerical model
by using finite difference approach. In this sattithe mathematical formulation is
discussed along with the inner and outer boundandition as well as the finite

difference solution procedure.

2.1 Continuity Equation

The mathematical model is presented for single-@hmaal gas isothermal flow in a
cylindrical reservoir of uniform thickness with agle well located at the center.
There are some assumptions made in deriving thedbuations such as the constant
porosity as well as the neglecting of gravity effecFlow is considered to be
ax symmetrical so that the appropriate initial badany problem can be formulated in
a (-z) coordinate system. The continuity equation farhsgystems in oil-field units

is given by (see for example, Bratvold, 1986):

10 0 0

—5.61'{767(rp\/,)+a(pvz)} =a(p¢f) 2.1)

Here,v; denotes the value ofcomponent of the velocity vector amgdenotes the

value ofz-component of the velocity vector in unitsRB/ft, p is density in units of

Ibm/f€, and the term in right hand side of the equatsoin ibm/ftD.

The relationship between the flow rate and presguadient is normally described
by Darcy’s Law. The differential form of this relatship for single-phase flow in

oilfield units where gravity effects are negleciedefined by:

k
v=-1.127x 10° % Op 2.2)



where 1 is viscosity of the fluid incp, [K] is a permeability tensor of the porous
media inmD and Op is the gradient vector of pressurepsi/ft In Eq. 2.2, under the
two-dimensional assumption of anisotropy consideren diagonal permeability

tensor k] and Op are respectively given by:

k 0
[k]:(o kzj 2.3)
and
ap
_|or
P (2.4)
oz

EqQ. 2.2 includes the multiplication df][and [p which is shown below:

9p Ip
kr 0 or or
kiOp= =
[k]Cp (o kzj o ||, o (2.5)
0z *0z

Eq. 2.1 can be written more explicitly as:

S [ I
where a coefficient for simplification is defined &=6.33x10° In Eq. 2.6,t is
given in days.

Note that Darcy’'s Law assumes that the inertiab@ff of fluid movement are
negligible. This implies that laminar flow prevadsd the paths of fluid particles are
not affected by the flow rate. As discussed inrbgt section, this may not be valid
for flow of real gases particularly near the wellsere the fluids flow with higher
velocities compared to the reservoir locations &avay from the well due to

reduction in cross-sectional area open to flow a&dl ws the low viscosity (or

equivalently high mobility) of real gases.



2.2Non-Darcy Flow Equation

The pressure gradient is shown by Eg. 2.4 to beethby a linear combination of
viscous and inertial forces. In gas flow near thellbvore, where velocities are
highest, it is often found that inertial effect® arot negligible and deviations from
Darcy’s Law are observed. In 1901, Forchheimer esged the pressure gradient in
any absolute set of units with respect to one-dsiweral ¢) flow as:

op_H

-——==Vv +Bpv

o Tk AR @2.7)
wherep, is called the coefficient of inertial flow resiatse in ther-direction based on
Geertsma’s description (Geertsma, 1974). Geertsaana the equation of the inertia

coefficient beta which is also called turbulencetda, in field unitsft™ as

5 = 48511
Tk (2.8)

When turbulence flow feels near wellbore on gasmasr it is called inertial
turbulence flow or non-Darcy flow. After performirige unit conversion from cgs to
oilfield units (Bratvold, 1986), Eq. 2.7 can beidefl by:

_op_ H
, =8.87220048 105y, + 911463381 TG py V| (2.9)

r

We multiply both sides of Forchheimer equation gibg Eq. 2.9 b/ and obtain:

—ﬁ@:(8.87220048 10+ 9.114633%1 ibﬁﬁrp|\4|j\4 (2.10)
U or U '

or Eq. 2.10 can be written as:

v, =- 1 k 9p

r

(8.87220048 10+ 9.114633%1 10 ,8“0|vr|j por (2.11)
7]



or Eq. 2.11 can be written as:

1 k. op

v, ==(1.127% 10°) >
(1+ 1.027324972 165k”3fp|vr|J o (2.12)
U

and Eq. 2.12 can be simplified and rearranged as:

k dp
— 3 r
whered, represents unitless correction factor for non-Dédtow in the r-direction

and it will be expressed by:

1

5 = 7
1+1.027324978 165M|vr| (2.14)
Y7

r

When non-Darcy flow effects are neglected in thalehoGeertsma’s factor is taken
asp=0, then correction factor for non-Darcy flow is estited a$,=1 in Eq. 2.14.

It should be noted that we consider two-dimensiotzallow in our study. So, under
two-dimensional flow conditions, we need to defimecorrection factor in the-
direction ¢,) for the velocity in thez-direction to account for non-Darcy flow.
Therefore, assuming non-Darcy flow effects both amdz directions, Eq. 2.7 can be

expressed as:
19[, k()] 0, k(o]0
q(raf{drpu(arj}az{dzpu(azm at(p¢) (2.15)

2.3 Diffusivity Equation

Note that Eq. 2.15 is a non-linear partial difféar@nequation, becausg andp
depends on pressupeThe well-known equation of state for a real gaslmanvritten

as:

pM
‘ﬁ (2.16)
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whereM is the molecular weight itbm/Iom-moleT is reservoir temperature R, R
is the universal gas constant, and defined®a$0.732psi.ff/lb-mole®R. Now, we

wish to evaluate right-hand side of the Eq. 2.1 iawill be obtained as:

0 0p dp  0pap dpop 10p 10¢|0p
— = +p0—= —+p— = — 4+ | —
o PP = P = P o P ap at Lyap qoap}at (2.17)

The coefficient of isothermal gas compressibilgygiven by:

c =19,
Ay (2.18)

where T, the reservoir temperature, is fixed, therefprés a unique function of

pressure. Thus, the rock isothermal compressil{gi)yis given by:

_1ladgp

= o (2.19)

Using Egs. 2.18 and 2.19 in Eq. 2.17 gives:

0 _ op
5 (P9) = e oo (2.20)

wherec; represents the total system compressibility amdrgas:
G=G+G (2.21)

It is important to note that for real gas flow, ffm@gent of isothermal gas
compressibility is typically much higher than theck compressibility ¢>>c/).
Thus, although in the simulator developed, we evalgaas given by Eq. 2.2, in
terms of practical applications, the total systeampressibility can be approximated

by the isothermal gas compressibility, i.e.,

(2.22)

11



Using Eqg. 2.21 in Eq. 2.15 yields the diffusivityuation to be defined as:

1005,k (00)], 0[5,k (00)])- e 2P
Cl(rar{drpﬂ(arj}raz{dzpu(azﬂ] wa ot (2.23)

We wish to express our diffusivity equation in teriof the gas formation volume
factor of gas (denoted IB), which is defined as (in*fSCH as:

B:&

P (2.24)

whereps: represents the density of gas at standard condifice., aps,, andTsg), and
p represents the density of gas at sandface conglifioe., atpy;, andT). Using
equation of state for a real gas given by Eq. 21Bq. 2.24, the formation volume

factor,B can be expressed in termgof, andZ as,

p.(zZT
B= T—(—pj (2.25)

sC

where pressure and temperature at standard comligoe given, respectively,
Ps=14.69595psi and Ts. =519.6°R. Dividing both sides of our diffusivity equation
given by Eq. 2.23 bys, which is a constant, and then, use the definitabn
formation volume factor given by Eqg. 2.25, then wan express our diffusivity

equation given by Eq. 2.23 as:

10), sk (0P}, 0|5 Kk (0P)|)_¢g0p
q(rar{rdBu(GrﬂJraz{dzBy(azm B dt (2.26)

Note that Eq. 2.29 is still a nonlinear PDE. beeaBs ¢ and the non-Darcy
correction termg, andJd, in the left-hand side as well asin the right-hand side of

Eq. 2.26 are dependent on pressure.

2.4Inner and Outer Boundary Conditions

To complete the mathematical formulation of thebpem, the appropriate initial and
boundary conditions have to be considered. A umifpressure initial condition in a

two-dimensional problem in theandz directions is given by:

12



p(r.zt=0)=p (2.27)

wherep; denotes the initial pressure which is assumed tonierm throughout the
reservoir. For the single-phase real gas, the ootemdary is a no flow outer

boundary condition and defined by:

apJ
] =0
( or r=re,z0(0.h) (228)

wherere denotes the reservoir drainage radius.

The schematic of well/reservoir configuration iswhan Figure 2.1 Note thath is
the reservoir thickness ad¢0 denotes the top of the reservoir wherzsts denotes
the bottom of the reservoir. The top and bottomnolawies of the reservoir are no

flow boundaries and defined as, respectively,

(&) ™
0z r0(ry re)2=0 (229)

(&)™
0z r0(ry fe)z=h (230)

Note that any arbitrary sections of the wellbor¢gaeent to the formation may be

open to flow.

W

N\
~
T
—
_—7
P

= T

Figure 2.1 : Diagram of reservoir cross section (ECRIN, 2009).
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For the single-phase of real gas, the inner boyncdamdition for the surface rate of

production,gse, accounting for the wellbore storage effects, lsagiven by:

_ CgVW dp/vf
B dt

G..(t) = 0 (1) (2.31)

whereV,, denotes the wellbore volume RB t is time indays ¢, represents the

specified surface rate BTB/Q andqs represents the sand face rat&irB/0) andB

represents the gas formation volume factoRB/STBor ft/SCF and given in Eq.
2.25. In Eq. 2.31¢4 represents the compressibility of gas evaluatatieasandface
conditions and is given in Eq. 2.22 whérés the well knownZ-factor. Note that we
can use the standard definition of wellbore storagefficient given for a

compressive type of wellbore storage as:

C=¢\V. (2.32)

whereC is the wellbore storage coefficientRB/psi It should be noted th& is not
constant and changes with for a gas well because the isothermal gas
compressibility,cq, defined by Eq. 2.32 changes with pressure. Faymion in the
simulator, we can trea€ as a constant, though this may not be realisticafb
pressure ranges and depending on the magnitudée iressure drawdown during

the drawdown period and pressure rise during thlduguperiod.

In Eq. 2.31, multiplying both sides by 5.6&%bbl gives:

5.61% )V, dp,
5.615j ¢ )= 5.615,(t) - (2.33)
B dt
The surface rate of productios, in SCF/Dcan also be expressed as:
0. (1) =5.615. ¢) (2.34)
Thus, Eq. 2.33 can be rewritten as:
5.61% .V, dp,
O (1) =5.615 (1) - 5 g dtf (2.35)
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In Eq. 2.35, the sandface ratg;, including the non-Darcy flow effects for a fully
penetrating well which may also be represented irerdical sketch Kigure 2.1)

from z=0to z=h given by:

_ _ k. 0p
Oy (r=r,,2,)=1.127% 106°( zm)(r dB_yEL (2.36)

Using Eq. 2.36 in Eq. 2.35 gives:

q.(t) =5.615 1.12% 10 zh)(r 5

k dp) _5.61%V, dp,
"Buor) _

B dt (2.37)

When any arbitrary section of the wellbore adjaderihe formation is open to flow,
which may also be represented in a vertical skétct) from z=h; to z=h,, Eq. 2.37
becomes:

z=h,
0s.(1) =5.615¢ 1.12% 10( 2) j (r ) e (2.38)

k. apJ iy 3615V, dny
z=h B,U or r=ry,
It is important to note thdt; is distance measured fromO0 to the top of the open

interval andh; is the distance measured fraz0 to the bottom of the open interval.

2.5 Fully Implicit Finite Difference Formulation

Block-centered grid system (Aziz and Settari, 19i8Vyalid for this study. Grid
system contains properties of reservoir, which asgigned to each grid block. In
order to set up the grid blocks in radial coordasdor two dimensional study in the
andz directions, we defin® to denote the number of grid blocks in thdirection
and M to denote the number of grid blocks in thdirection. As we consider two
dimensionalr-z flow, only one grid block having 380n ¢ direction is considered.
Simulator always uses a “block centered grid” wiita grid points in the-direction
geometrically spaced (based on the procedure of Blacal and Coats, 1970)
whereas in the-direction user defined spaced. If not specifieddefzault, simulator
uses equally spaced grid blockszhdlirection, which may not be realistic in some
cases where the well is not fully penetrated antibei discussed further in Chapter

4. For the problem considered in this work the ampl bottom boundaries and the

15



outer boundary are no flow (Neumann type). A gdneiew of the grids used is

shown inFigure 2.2
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- 2
Z - L] L] _-ﬁ,'_’ - Z
o1 21 1 I : N1 - 3
=51 . . }&21 x b
1 EE K2 _
=3
z Az
Z - - - T -
M o] 3w } ik MALL i
Zy - - - A7 i M-
My | aw IN } M A
roF r- - r ¥ Z
28 - o i il el
Z

Figure 2.2 : Description and ordering of grid points.

The coordinate system can be defined waindj “dummy” index, where theindex
defines the coordinate in theadirection whereas the ind¢xefines the coordinate in
the z-direction. Coordinate axes for block-centered gvith defining dummy index
are shown also iRigure 2.2 The dots represent grid points of the foriigf and the
subrectangles represent grid blocks. Note thas equal to the wellbore radiug
andry.y, IS equal to the reservoir drainage radiuehereas,is equal to zero which

represents the top boundary amgd, is equal to the reservoir thickness.

The z-grid points are specified by first defining the dkoheights Az , j=1,2,...,M
Thus, taking the top boundary definition as=0 when the first gridblock irz-
direction is considered gs1, thez-direction block boundaries;..,, forj=1,2,...,.M

are defined by:

= +Az
SRR (2.39)
The grid points;, for j=1,2,...,Mare then defined by
_ Az,
475 (2.40)
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Given that the terminology block centered grid $&dy it may be noted thatis the
center of each grid block at the vertical directaomd can also be expressed as the
halfway betweer.,, andz..

V4 + Z
_u (2.41)

Although thez's defined here, in our finite difference equatiansthe following
sections, the values of th&z's are used only. As mentioned before and as it is
customary, the-grid points are generated geometrically based enMhc-Donald
and Coats method. A standard method to generatepgmnts,ri’s, and the gridblock
boundariest;.s,'s, in ther-direction is known as Coat's method. This methdzhised

on the steady-state radial flow equation whichiveig by:

p(r.)-p(r)= F'n{%} (2.42)

whereF is a constantp(ri-1) andp(r;) represent the pressure values respectively at
grid pointsri.; andr;. Taking into account the definition of steady-steddial flow,
in order to have the same pressure difference leetweandri.; for i=0,1,...,N

another constang, is defined by:

_fia

r (2.43)

where a >1. Eg. 2.43 defines calculation of grid points fer0,1,...,N-1.
Furthermore, it should be pointed out thigtis a fictitious gridpoint inside the
wellbore for the Mac-Donald and Coats method arfohelé by:

V(Va ) (2.44)

In Coat's method, grid block boundaries, also shmngure 2.2 ri..,'s, are defined
by using the log-mean radius as:

17



1
2 |n(ﬁ+1j na (2.45)

Therefore, initially,a need to be computed so that gridblock points anghbaries

given in Egs. 2.43-45 can also be calculatedefined in Coat's method given by:

a= (:—jN (2.46)

whereN is the number of gridblocks to be used-direction as mentioned before.
Recalling Eq. 2.26 with taking into consideratidnderivatives in both side of the

equation at any grid block points, (z) for the finite difference formulation gives:

Ei L @ n+l i L % n+1 _ ﬁﬂ) n+l
C{r ar{r J'B/J(ar ﬂi’j +62{52 B,u(dzﬂ } ( B atj (2.47)

i) i

Eq. 2.47 is separately evaluated here. Therefonedirection, the term of left hand

side of the equation can be defined by centraéifice formulation as:

ra (P a3

n+l Bu\ or )
10], dﬁ(@j (1 ; ! (2.48)
ror Bul\ or r r,-r

i

= 2 (2.49)
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Using Eq. 2.49 in Eq. 2.48 yields:

10 k (ap)]" | 2 k (op\]"
e LS =2 || "1|%5 | 3
ror Bu\or )J, |ro —r || 5[ Bu\d ]z,
: >
0

(2.50)

In zdirection, the term of left hand side of Eq. 2.4ah dbe defined by central

difference formulation as:

95k (@j - R g (2.51)
dz| "~ Bu\odz z,- 2z,

i i+= j—=

Consequently, derivation @p/or andop/oz, in Eqs. 2.50 and 2.51 can be evaluated
with central finite difference formulation as:

i1 1

(@j”*l _ Pl -y
o1
I+E,]

o)™ PR
or =i (2.52b)

=y
>

(@jnﬂ - pirjj+11_ an+1
S
I,J+E

0z Z,-7 (2.53a)
0z), 1 z-17, (2.53b)

The term of right hand side of Eq. 2.47 includesetiderivative which can be defined
by dividing it into consecutive points as [0 & 6,... .0 t"=t]. Therefore,
difference in time between each consecutive pairdailed time step or delta time,

A" which can be taken ag""'=t"".-t". Using this definition for any time steps,
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we wish to consider the backward difference in toleevative, and rewrite the term
of right hand side of Eq. 2.47 as:

ﬁ@ n+l _ ﬁ n+l plrj;-l _ F?r:IJ
B at - B I Atn+l (2.54)

i i

Eq. 2.47 can be simply rearranged with the terniseid by Eqs. 2.50-2.54 as:

n+1 n+ n+ n+l + +
Cl 2 ; O_L pi+l],.j_p,j1 —r O_L d,]jl_ —1%]
r-zé _r-il 1 Bu =y li T | 'Bu -2 =T
2 2
n+l n+1 n+1 n+l n+1 n+l
L1 {5 kz} (p.,m‘p,j J_[g k_} (@J (2.55)
z.-z. | "B BRI “Bufal 2+ 74
2 2

iy
(" PR
B At™
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We can rearrange Eq. 2.55 in such a way that tlélgck volume of any gridpoint
(ri, ), which is taken aslp,j:¢7r(r2i+l/z -rzi_l/z)Az,- , will remain on the right hand side
of the equation. Therefore, Eq. 2.56 need to betiptied by the term of

n(r%1%)AZ , and then, rewritten as:

. -
¢ {2mz ri+1—2|'i [d ;’ﬂlij(ﬁllﬁ if,-”)-rl éié%l_l(ﬁﬂ-i-}?)
+ﬂ(r21—r21j[ 1 {5 K, T (pr,-pr) (2.56)
2 )|zl T B i+ N N
K

- 1 z " n+l _ n+ _| & i ml_ i Vﬂ
Zi‘%-l{JZBulé(pi'jl ) _(E)(pf P;)(WJ

)]

Using the definition ofa in Eqg. 2.45, transmissibility terms mdirection andz-

direction at a grid blockf{, z)'s boundaries can be defined as:

1 kr n+l
n+l  _ - N
Tri%]j =27z, (Inaj{d B/J (2.57a)

il
5
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n+l
n+1 —_ 1 kr
T, =62hs (Inaj{d B,u] 1 (2.57b)

2

. e )1 k™
Z'n”z qﬂ{ 'rf; ir_;j(zjﬂ_ 4 J{dz Bu}. j+t (2.57¢)
17

1 k n+l
Zn+1 = r21_ r21 {@ Z}
'J_z Q’{ 2 i_zj{zj - %—J Bu i,j—% (2.57d)

Furthermore, the volumetric term at a grid block,Z) is defined as:

n+l
n+l _ (a:t Vﬂ
Vi _(Ejm (—mmﬂj (2.59)

Thus, using the preceding definitions of transrbiisy and volumetric terms, Eq.

2.56 can be rewritten far 2,...,Nandj=1,...,Mas:

T (e = A7) =T (- o)+ T2 (e )

I+] IJ+

T2 (- )= (- )

(2.60)

It is important to note that transmissibility term r-direction, wheni=1, is the
representative section of the wellbore adjacenth® formation and should be
defined in a different manner since it decides Wweethe layer beyond this gridblock

is open to flow or not. Therefore, Eq. 2.52b isragpmated as:
ap n+l pjr-'nj-l n+1
or )i, r-r, (2.61)
2
The subscripf is not included in the wellbore pressure expansi®ince gravity

effects are neglectedp;* is not a function of depth in Eq. 2.61. Thus, the

transmissibility term recalculated fpr1,2,...,M as:
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n+l
r K.
T =c2mz | —— || § ——
L, =G Zl[rl—r J{ rB,LJ . (2.62)

Thus, using the preceding definitions of transriisy, wheni=1, we may rewrite
Eg. 2.60 as:

T )T ) T e o)

2’ 2’

_Tn_ﬂ (pln]rl le 1) VlTl( p]Tl Fi;) (2.63)

Please note that along the closed wellbore inteavalll z's, we simply require to

clarify the following term in Eq. 2.62 as:

k n+l
{d Bﬂl =0 (2.64)

E’J
Thus, the transmissibility term yields,

Tn+1 - O

2 (2.65)
Recalling the boundary condition in Eg. 2.28, itngortant to note that whearN,
in order to incorporate a no flow outer boundarydition, transmissibility term
yields forj=1,2,...,M:

N+ (2.66)

Recalling the boundary conditions in Egs. 2.29 ar80, it is important to note that
whenj=1 or j=N, in order to incorporate the top and bottom boupaanditions,

transmissibility terms yield, respectively, fierl,2,...,N

Tn+1 - O

E (2.67a)
T, =0

e (2.67b)
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Recalling Eq. 2.63, we can rewrite our system afiadigns by putting unknown
pressure terms one side and known pressure terthe tiher side as:

oo 1 o e [T] i {Tﬁ}
2 7! 2 s
2.68
+ n+l Tn+1 -I-n+1 Tn+1 Tml _ n1 1 ( )
plj i— i |+ J IJ_ P+ i i q‘
2 2

Eq. 2.68 containdixM unknown pressures,’ ™ fori=1,2,...,Nandj=1,2,...,M, and
NxM equations. Since there is a production at a spdcsurface flow rateql™ ,

the model, p{:* will be an unknown as well. In that case, the esysbf equations
will have NxM+1 unknowns ;" and p"/* fori=1,2,...,Nandj=1,2,...,M), but have

NxM equations. Therefore, we need to add another iequathe extra equation is
obtained by approximating the inner boundary caoifrom Eg. 2.38, which can be
differenced by using Eq. 2.61, as:

Nopi Ny, Kk m p1“+l n+l
O, =5.615< 1.12% 10( @)D > |, { J :r_r Az,
1 w

m=1 J nm
5618V, [ P - Ay
B At™

whereNopi denotes the total number of open intervals adjaitethe wellbore and

(2.69)

Ny denotes the grid block number in thdirection to top of the open interval and

npm denotes the grid block number in thkalirection to the bottom of the open
intervalm. Note that Eq. 2.69 is a general inner boundangitimn in the sense that
we can simulate flow towards the well through nplétiopen intervals along the

wellbore. We define a wellbore stora@®,, as:

n+l
o 5618, (¢
ey (2.70)

=ry
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Recalling transmissibility term, when 1, from Eq. 2.62, and rewrite Eq. 2.69 as:

=Y 3T (e ) - e e )
el el B (2.71)

Rearranging Eq. 2.71 by putting unknown pressurengeone side and known

pressure terms to the other side gives:

Nopi Ny, =M
(z > pf?lTrffl]’f RN"Fl( . Trl"flj = 0~ Cls’ Pl (2.72)
m=1 j=n, 2! = 2!

2.5.1 Averaging procedure

Let’'s evaluate all transmissibility terms tirdirection andz-direction, which contain

the sums, consequently in Eqgs. 2.73.

n+l n+l n+1 n+l
é-r kr , o‘r kr ’ 52 kz , 52 kz 273
Bu .1, Bu |1, Bu | .1 Bu |1 (2.73)

3 3 il ,

2

We use the harmonic averages for the permeabiiziz( and Settari, 1979).

Therefore, permeability indirection can be derived as:

(2.74)

whereas permeability indirection will be derived as:

k — (kZ)i,j (kz)i,j+1(AZj+Azj+1)
%iv (kz)i’j Az, +(k) Y (2.75)

Furthermore, the pressure dependent terms in tne suEq. 2.73 aré, 1 andB. It

can be obtained from Eq. 2.14 tidaandd, are functions op andy.
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Recalling Eq. 2.25 is given by Eq. 2.26. ThereforB,andu need be evaluated by
using a simple averaging given by:

Bn+l = Blrl;.lj nj+1 Bn+1 =_ T Bn+l Brl-;.]i
|+21 2 ' |—7J 2
B™ 4+ B™? B n+1 (2.76)
Bn+1 = I]+l J Bn+1 - 1,] J-1
i,j+% 2 ' i ]— 2
= _ M T = _HT T
i+l 2 ' i % 2
el e ey (2.77)
/jn+1 /'II 1 M] /jn+1 lul i MJ -1
i+ 2 ' i 2
Then, the terms discussed in Egs. 2.73 yield,
e B 5n+1 ]
{5 5 } -
r - 1 2.78a
Bu i+l P (B|+l,j + B,j )(H+1j tH; ) ( )
e B 5n+l ]
r =N 1 2.78b
By -2 2! (BH. +B., )(Hi tHoy ) ( )
e B 5n+l ]
z - z. .1 2.78c
B/J ij+% l’“i (Bl,j+l+3,j)(/'{j+1+/'(j,) ( )
e B 5n+l ]
z - z . 1 278d
By i3 R (B,’j +3,J—1)(/41 +/41—1) ( )

In order to compute the termisandd;, at the boundaries, in Egs. 2.78a-2.78d, which
reflect the non-Darcy flow effects and also calbedrection factor, we need to recall
Eq. 2.14. Here, in order to give an example of teutation of correction factor, we

will evaluate only the correction factor irdirection defined by Eq. 2.78a.
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To start with, let's define a new term as:

y =1.027324973 16°%PL
U

Using Eq. 2.79 in Eq. 2.14 gives:

1
1+y,|v,|

5r:

Sincev; >0, let’s recall Eq. 2.14 and use in Eq. 2.80.

5= 1

1+f/r o) op

or

where

Vi=y (1.127x 10° ﬁ} =(1.12% 10)( 1.0273249%2 ‘ii)—ﬂr;"z

U
Let’'s define another term as:

A

g =V

&
or

Then, Eq. 2.81 becomes:

Sinced>0 andJg; >0, then the root that we are interested is:

5 ~1+./1+ 44,

r 29r
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Thus,o, is simplified and rearranged as:

5 =5 (i 4 -1

r

_ 1 [(Vivag -(Jir 4 + 9
26, Ji+46, +1

_1 46,
20, J1+46 +1
2

T1eJ1r 46
n+l

Therefore, the term discussadl;”; , can be defined by:
I+E,J

(2.86)

ntl 2

G 1s a9t (2.87)
I+E,]

where
. - ap n+l
6” 1 - n+1 el
ri+%,j yfi +—;,j (ar ji+;,j (288)
and
p =(1 127x 103)(102732497>Q 1’6) ok )"
Vri%‘j : : 7 (2.89)

=y
>

Please note that we use the same equations giv&g$y2.79 — 2.89 replacing the

subscriptr by the subscript for z-direction non-Darcy flow corrections.

2.5.2 Incorporation of skin zone

A skin factor is incorporated into our finite difesmce model by two different
approaches. First case is the use of the thick stmtept of Hawkins (Hawkins,
1956). Specifically, we represent a skin regionaasone of altered permeability

adjacent to the producing interval. The horizopimeability of the skin zoné; s
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is defined by specifying the radius of the skinioegrs, the skin factorS, and using
the following equation of Hawkins:

[ K gl
S_(K,s Lo (2.90)
We wish to choose; to be equal to a gridblock boundarysHO, it is convenient to
choose the fifth gridblock boundary esrs;,;. Then, we need to evaludtes,; for
j=1,2,...,M as harmonic averages kfss; andk so; using Eqg. 2.74. For skin case,
we replacek;+12j in all transmissibility terms as well as in all €@&sma’s beta

terms, in order to incorporate with non-Darcy fleffects, byks;+1/2; for the skin
zone. The vertical permeability in the skin regigpis assigned by requiring that:

kZ,S —_ kz
K.k (2.91)

r,s

Second case is to add individual skin to each gakbwhich is adjacent to the
producing interval and open to flow. Transmissibitérm which is discussed in Eq.
2.62, wheri=1, forj=1,2,...,Myields:

2
I3 Ty r

w

n+l
nl _ 1 kIr
T =c2mz, 2 N1 {4 —} (2.92)
i S ln(s’”j—zﬁ,j +D|q"

In this case, we need to evaluate non-Darcy floieces in a different manner and
introduce a new non-Darcy flow coefficient callesizy in the units o{MSCF/D)?,

which is given by:

D= 2.715x 1015,6’r k. p,.M
r.wh :uwf Tsc (293)

wherek; is the permeability in the units ofD in r-direction sinceD is an input to
transmissibility term irr-direction, and it can be assigned by user in thikstor in
the presence of heterogeneous distribution of paloiiy throughout the reservoir;
Mwf IS viscosity evaluated at wellbore flowing pregsand it can be evaluated either

28



in the beginning or in the end of the productiomiquk by user defined in the
simulator,$; is Geertsma's term fti* in Eq. 2.8, and permeability and porosity terms
in the equation can also be evaluated by userénstimulator in the presence of
heterogeneous distributions of permeability andgity throughout the reservoir. In
Eq. 2.93, absolute value of flow rate term is egpeel due to the consideration of
injection cases in the flow rate history that maydefined by user. It should also be
noted that during buildup period, the flow ratanes not taken as zero constant rate
to represent buildup. Instead, it is automaticatiysidered by the last flow rate of
the production even if multiple productions exisfdye the buildup. The correction
term for non-Darcy flow effects, called asneed to be excluded from all equations
in transmissibility definitions when this case mnsidered. In this case, we simply
treat non-Darcy flow effects in our simulation mbds a constant, though this may
not be realistic for all pressure ranges and ddpgndn the magnitudes of the
pressure drawdown during the drawdown period aedsure rise during the buildup

period.

Non-Darcy correction factos, as can be seen in finite difference equationwekdr
in Chapter 3, depend on the terms which change prigssure and temperature as
well as porosity and permeability when heteroggnexists throughout the reservoir
at a given time during the simulation. Thereforenibarcy flow effects can not be
calculated as a constant value in finite differemzpiations. However, ECRIN
defines non-Darcy flow effects by using well-knotenm in literature called as non-
Darcy coefficient,D, which is an easily calculated constant value (E§3), and
implemented as an input to all transmissibilitymer of the gridblocks that are
adjacent to the wellbore. Although treating nondyaflow effects as a constant
value may not be realistic for all pressure rangeis, used widely in the industry
since data interpretation techniques need to dedineonstant value in order to

evaluate flow regimes represented by pressure megsaluring well testing.

Finally, since most of the turbulent flow takesqalanear the wellbore in producing
formations, the effect of non-Darcy flow is a rakependent skin effect. The formula

that relates the total skin to the mechanical skinon-Darcy skin is given by

S§=S+0g (2.94)
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where § denotes the total skin factds,is the mechanical skin due to damage or
stimulation,D is the non-Darcy coefficient iMSCF/D™, andgs.is the flow rate for
the drawdown period preceding a buildup period.sThiethod needs multiple
production or buildup periods to be evaluated in B4 and will be further

discussed with examples in verification and applicachapters.
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3. METHODS OF NUMERICAL SOLUTION

Egs. 2.68 and 2.72 constitute our finite differesgstem of equations to be solved
for pressures which are unknown at the center iobfygrcks. Once the pressure at
time levelt" is given, the system of difference equations carstlved to obtain
pressure at time levél™ . In order to solve the pressure values, a matiution
process must be developed. Many procedures have dmb@cated for solving the
system of difference equations. There are two nusththscussed in this section to

obtain an implicit pressure solution.

Let’s write system of equations for each grid blatlkan example model of three grid
blocks in r-direction and three grid blocks imdirection shown inFigure 3.1
Suppose we produce at a specified surface flowimdidly penetrating well through
the entire thickness of the reservoir with a navflouter, top and bottom boundary

conditions.

Figure 3.1 : Ordering of the pressure points.

Initially, Eq. 2.68 need to be modified for1,2,3 andj=1,2,3 and generat&ixM

equations witiNxM unknows as:

Wheni=1,j=1, it is given by:

p\;‘lv-f*l{-l-rlnl-lj_'_ pgl(-rr?’n;lj_'_ ple[-rzlmslj
2’ 2' 2

(3.1)
+ pln;rl(_-l-rfll _Tgnzl_-l-zln;l_ VlnIlJ - _Vlr?;l prl1

2 2’ 2
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Wheni=1,j=2, it is given by:

{1z o v e e 12
2 2’ 2 2

+ p;;( Tri‘zl—Tgnzl—TzEl— T{sl‘ \{*21] =\ A,
2

2’ 2’ 2

Wheni=1,j=3, it is given by:

ofre) oo )
2 2’ 2’

+ p]r.:l[ Trn+1 Trr‘H—l TZr‘H—l \/J-nglj _ \/:Ln;l ﬁ;-

2 2 2

Wheni=2,j=1, it is given by:

p{‘I{TrSf} Pss (Tr’“} pZZLTZ"* j
2’ 2 2

+ pg';l( Trn+l Trr‘l+1 TZr‘H—l Vzn;-lj V2n+11 ﬁ;

2 2’ 2

Wheni=2,j=2, it is given by:

s w2} v wf )
2 2° 2

27

+pg+21( Trer.];l_Tr;M szl Ti“ 221] ,2l Iji

2 2’

Wheni=2,j=3, it is given by:

1) 1
2 2 2

+pg;,l( Trnﬂ Trm;l szl Vzn;l] _V2m31 pr;

2 2’ '2
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Wheni=3,j=1, it is given by:

pgzl[Tr;Il]"' p?;[T€%§]+ Fgfll(_ Tgl_ T{’:;_ VaTllJ == Vg,ll fﬂs 3.7)
2 2 2 2

Wheni=3,j=2, it is given by:

o 12 o e o vz
) 2’ 2

(3.8)
+ p;;l[—Trsj—Tz:;— T2~ \4*] ==\ B,
2’ 2 2
Wheni=3,j=3, it is given by:
ot v o e e - v - vt o)

Additionally, since we would like to produce atesified surface flow rate and also

n+l
wf 1

solve wellbore pressur Eq. 2.72 needs to be modified for a fully pertéia

well as:
o g o 1 )
2' 2 2’
(3.10)
+pa;{cle—(w”+ T Tr;*:ﬂ =qI'- Gl
2 2’ 2’

Therefore, system of equations is obtained fomtlbeel considered above. There are
ten equations and ten unknown pressures to sokadh time step called ps;1, p12
v P13, P21, P22, P23, P31, P32, P33, Pt fOr a specified surface flow rate which can

be either positive for production and negativeifpection cases.

The above system of reservoir and well equatioms k& solved implicitly either

using the Newton method or functional iteration Inogk, as to be discussed next.
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3.1 Newton Method

The Newton method is the most accurate method leingpthe nonlinear system of
equations, but it is computationally expensive tasequires computation of the
derivatives of the system of equations with resped¢he unknowns. The method is

briefly described below.

3.1.1 Brief description

In order to solve, system of equations describeth@aprevious section, first, we
discuss well known Newton's method in numericallysis, (also known as the
Newton—Raphson method), named after Isaac Newtddaseph Raphson, which is
a method for finding successively better approxiomet to the roots (or zeroes) of a

real-valued function.

Given a function f{) and its derivative'fx), we begin with a first guesg for a root
of the function. Provided the function is reasogabiell-behaved a better

approximatiorx; is given by:

_ (%)
=R ) (3.11)
or it can be rearranged as:
f1(%)% (%= %)== (%) (3.12)

Geometricallyx; is the intersection with theaxis of a line tangent tbat f(xp). The

process is repeated until a sufficiently accuraleeris reached:

o (%)
X = X ‘m (3.13)
or rearranging
F1(%) % (Xea = %) == T(%) (3.14)
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Now, suppose we haw system of equations witd independent variables such as:

(3.15)

Eq. 3.15 can be taken &6,x%,...,%)=0 fori=1,2,...,N We would like to solveq's
which can also be expressedxagxi,x,...,%] so thatfi(x)=0 fori=1,2...,N We let
X be the solution such th&fx)=0 fori=1,2...,N If x is close tox, then the Taylor

series is approximately satisfied forl,2,...,N as:

(0= 10+ (% - % )"’Z;if’ (3.16)

=1

or because afi’s are zero at the solution vectgr, then Eq. 3.16 can be rearranged
to obtain:

ZN‘,OE)EJ_X)(*; =%)==1(x) (3.17)

=1

This suggests an iterative schemeifot,2...,Nwith an iteration index, as given
by:

> =X)==1(¢) @19

If we let ™ to denotey|™ =x" - % forj=1,2,...,N, then, system of equations can

be defined as:

afl(xl) +1 afl(xl) +1 afl(xl) +1 afl()é ) +1_
0%, l/ljll + o%, l/llz + o, ‘/jls Tt dx, lﬂN __fl()e )
of, X' " of, X " of, X " of, X "
( )1//1' + 6&2 )wlz +—6(x3 )wls +'"+—ag&) vi=-h(x) (3.19)

0%,

afN(x') . afN(x') " afN(x') o afN(k) o
ax, Wt ax, W, "‘Wl/fls +"'+WWN —‘fN(*)
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For the system of equations described in Eq

as Jacobian matrix, is given by:

of of, . of
ox 0% 0%,
of, o, of,

J(x')z ax  ox,  0x
oy ofy O,
0% 0% 0%,

. 3O coefficient matrix, also called

(3.20)

Furthermore, in order to define unknown terms @& #ystem, another matrix is

developed as:

T2
‘I’l " _ \|1:2+l

1+1

WYy

(3.21)

Consequently, the matrix for right hand side ofdlistem of equations is given by:

f(e)=| =(¥)

Then, our solution yields:
J (XH)\VM ——f (X' )
The procedure steps are, respectively,

1. Setl=0and gues' = x,,... )g‘j]T.
2. FormJ(x') and f (x')

3. Computey'" and computex ™ = X +¢/' ™
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4. Check the term in Eq. 3.24 if it is satisfiedrmt. If so, accepx** as the
solution and stop iterating.

4

—— <0
X;ﬂ 105 (3.24)

i<j<N

5. If condition given in Step 3 is not satisfied{ls|+ 1 and go to Step 2.

The procedure will converge to provided that:

. J‘l(x') exists. In order wordsJ(x') is non-singular.
« ForX’ (initial guess) is sufficiently close %.

Note that Newton's method converges much fastem the functional iteration

method.

3.1.2 Matrix problem

The Jacobian matrix to be used in the Newton meiaalves the derivatives of the
residual equations (Eq. 3.20). These derivativesbeacalculated either analytically
or numerically as discussed in the following sukises. It is preferable to use the
analytical approach due to less computational ladmmnpared to the numerical
approach. We considered numerical approach heite tgusnake sure that our

analytical expressions used in the analytical aggir@are correct.
3.1.2.1Analytical approach for derivatives

In order to set up Newton's procedure for the malésicribed in this chapter, Egs.
3.25 and 3.26 define the terms described in EQ B.®rder to solve the system for a
delta time,At, which can be taken between the time steps ftbio t"**. Here,
upscript k+1) and k denotes the standard ordering notation of the mundf
iterations if iteration is not converged at thestfitime and so on. The vector and
matrices to be used for the simple example appdicadf Figure 3.1 as follows:
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f1,1( pn+l,l )
pjr-1+1,|+1 _ pn+1J pn+1,| f2 1( pn+1,| )
1 1,1 1,1 ,
n+ll+1 _ an+1) n+1,l oy
PP il foa(p™)
P51 P31 Ps, f ( pn+1,| )
pfw;l,lﬂ _ p2'+21] pjr-':;l,l 1,2 .
wl+l - I:)[21,+21'I+l - p2T2lJ pn+1,| — p2;1v| f ( pn+l,l) — f2 2( p ’ )
péw;l,lﬂ _ pg’+211 p;+21,| f3’2 ( pn+1,l ) (3.25)
plrgl,lﬂ_ p;w;’lj pi':;l,l f ( n+1,|)
n+L1+1 n+1 n+1,l 13 p
Pos” p2,3J P23’ oLl
Py pi i foa( ")
p\::l,m _ p\%u p\:;ru f3,3( pn+1,| )
fo ( pn+1,|)

The coefficient matrix is evaluated in the timepst&™, is given by:

of, o, o 0 0 0 o I
oply OP5y op, PG
of,, of,, of,, 0 of ,, 0 0 0 0 0
opl 0Py Op5y o3,
of of of
o Xu oo o Mmoo o 0 o
ap2,l ap3,1 a p3,2
of of of of of
pl,l p1,2 p2,2 pl,3 pl\ff
o e o Oy oy Oy, o a0 o
3(x)= opyy ops 0P, 9p5, op;s
0 O a1::’:,2 O af3,2 af 3,2 o O af 3,2 0
op3;" op;; 0P, 0P,
of of of of
,2 1,3 2,3
0 O O 0 af2,3 0 af2,3 af 2,3 af 2,3 0
on; oply 0py; 0pl;
of of of 3.26
0 o o o o X o L I /320
ap3,2 ap2,3 ap3,3
Of 0 0 of 0 0 of s 0 0 Of e
n+l n+l r+1 1
apl,l ap1,2 a pl,3 a R\ff

Therefore, Eg. 3.25 requires the derivatives ofesysof equations described in Eqs.

3.1-3.10 with respect to all unknowns individuallyet's rewrite Eq. 2.68 in a
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general form foi=1,2,...,Nandj=1,2,...M in order to take derivates with respect to
each of the gridblock’s pressures in the system:

e o e
2 ! 2 s

+p|n]+1£ -I-n+1 -I-n+1 Tn+1 Tml _ ;ﬂ'lj_'_ jﬁ-l qj

i,j- IJ+7 i—fd |+2J

(3.27)

Similarly, let’s rewrite EQ. 2.72 in a general fofor j=1,2,...,M as:
& 1 1 1 1 1
fur =[Z Py J i ( Z L ] + Gl Pl (3.28)
j=1 2 i 2

Since averaging procedure is used to calculate ptioperties at the gridblock
boundaries, there will be non-zero terms alwaysthia same ordering at the
coefficient matrix as long as the open intervaffloav will not change during the
simulation.Figure 3.2represents an example for the gridpoint (2,2)rdeoto show

the non-zero derivative terms' requiring calculatwith respect to its neighbours'

pressure values.

Iz

Ir, —»fe— — T

ST ) e e—
- (=]

N

b
F4

Figure 3.2 : Averaging procedure.

Derivatives of Eq. 3.26 for any gridblock in the ded with respect to each

neighbour gridblock’s pressures as well as witpeetsto its own pressure are given

by:
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== (Fh-dY) (3.29a)

i |- B (3.29b)

3 oTr"y
=T+ 2 (- ) (3.290)
apl—l,] ) ap—lJ
oTr"?t
afi,i —Tn¥l i%’j (pn+1 _ pn+1) 3.00d
= 1 - 41 ' )
apﬂl%j i+2.] apﬂlJ j j ( )
5 oTZ™,
o= oy b (F’Hl p‘r_*l)_ Tf*l
n+ 1 n+ -1 o1
aplyjl = a J1 I l IJ+E
Tz, oTry
H = (P ) =T+ =2 | (R - BT (3.29)
api,j Y ’ 2! an,j ’ .

oTr"? -

N+l i+ n+1 1 1 oV, J

e e |
0y

The gridblocks, when=1, for j=1,2,...,M in Eq. 3.26, which are adjacent to the
formation and open to flow, requires another deneawith respect to wellbore

pressure and it is given by:

oTrM™
afl,j — Tl %’j ( pn+1 _ plnﬂ)
ap:v;-l %yj a p:vif-l wf i (3 30)
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Eq. 3.27, which is also called as well equatioqunes derivatives with respect to
the gridblocks, whem=1, forj=1,2....M , which are adjacent to the formation and

open to flow, and it is given by:

oTr™
wf n+ ] n+ n+
W —Tl‘l 'l + apanrl ( pl ]1 pr l) (331)

y| 2' J

Well equation's derivative with respect to wellbpressure is given by:

c?Trln+l

j= n+l
o= | T+ e | (e - ) |- o S (ol )

(3.32)

Transmissibility's derivatives need to be definedqgs. 3.29-3.31. Using Eq. 2.78b
in Eq. 2.57b gives the transmissibility term whishrequired to compute for Eq.
2.29d:

n+! 1 n+ r
TrleJ QZI'AZ(I a’j4ki—ij (B’. )(2 4y (3.33)

Derivative of Eq. 3.33 with respect to the gridi¥geessure at{, z) is given by:

05"
aTr”*1 2!
ap'nyiﬂ Ina 3 (B,J. +B.y )( Hi tH-y )

(3.34)

4 || 9B OH B OH,
Jn 1 ) ) | ) J
{(aplml /'II J BJ apn;rlj {apmllq -1 )4_{&—]}, a [j}ﬂj]

[(Bui By )(H; tH oy )]2
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Derivative of Eq. 3.33 with respect to the gridigressure atr{1, z) is given by:

a f.n+i-.
)]
oTr™? 2

! -qszL j4k“*1 it
oo (BB )k 4

. ou., ). ( o8 0B .
5 1 1 1 1
|:{ apn_+11] ]+(apn+l K J {apml Hat 3-1 P ‘ffj ]]

[(Bl,i +B.y )(H; THoy )T

(3.35)

Using Eq. 2.78b in Eqg. 2.57b gives the transmiigibierm which is required to
compute for Eq. 2.29d:

n+l

r.. 1.
1+—,]

1
Tr.n+l Clzmz ( j4k_n+1_ 2
'+E Ina |+%,1 (B|+1,j +B, )(H+1j + 4, ) (3.36)

Derivative of Eq. 3.33 with respect to the gridilgessure at{, z) is given by:

05"

|
oTr™* 2
|+7 apn+l

_ Zm 4 n+l
n+l =G Z( j K (B|+1yj+31j)(/'{+1j +/'{J'y)

_5r|+£ {LBI+1] aplnjlj (apnilﬁhu) {apnill'{] Bj, G[d}ilﬂ

(B8, ) (o +4, )]

op;

(3.37)
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Derivative of Eq. 3.33 with respect to the gridtdquessure ar{ 1, Z) is given by:

n+l
05"

oTr" 2

i+ a n+l
apn+1J _Clzmz ( j4kn+l pl+1]

wy (B|+1,J'+E?,J)(H+1i +HJ@)
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5 n+1 1+ nI+J n+J H. n-f-J H B n+
_ 21' l:( 1 ap|+11, ] (aﬂﬂld 1 ] {apH} ! s 0p.+11,

[(Blm + B, )(Hﬂj tH, )]2

(3.38)

Using Eq. 2.78b in Eqg. 2.57b gives the transmiigibierm which is required to
compute for Eq. 2.29d:

5n+1

1 %i-2

T2, —qﬂ( ry-r J( j4ls”_“ ;
"_2 '% '_é =44 t _é (B., +B,j—l)(/’1’j +/~(1—1) (3.39)

Derivative of Eq. 3.33 with respect to the gridilgessure at{, z) is given by:
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Derivative of Eq. 3.33 with respect to the gridiqgressure atr{, 7.1) is given by:

adz.m.-ll
L=
0Tz, ——
B ) ’ 1 el api,j—l
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Using Eq. 2.78b in Eqg. 2.57b gives the transmiigibierm which is required to
compute for Eq. 2.29d:
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Derivative of Eq. 3.33 with respect to the grididgeessure atr{ z+1) is given by:

aJz.n-f'll
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We will again evaluate the correction factor omyridirection defined by Eq. 2.87.
Recalling Eqg. 2.87 and taking derivative of con@ttfactor with respect tq3n+1 i

r-direction yields, whermp[7, > g™
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Recalling Eq. 2.89 in order to use in Eqgs. 3.45 246 yields:

P \ 5 2 1 OR;
(3.47)

f/,f”j] =(1.15779% 10°) ,B,k,;j k
2 2 n+
L

Correction factor irr-direction expressed in Eq. 2.87 has a non-zervatare term

with respect top"; . Recalling Eq. 2.87 and taking derivative of coni@ttfactor

i+, -
with respect topﬂ] in r-direction yields, Wher1o”++llJ > pJ ;
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The derivatives of the correction term in thdirection with respect to pressures are
computed from the same expressions, Eqs. 3.45¢8v80 for ther-direction just by

replacing the subscriptby z.

Formation volume factor, density and viscosity dative terms with respect to

pressure are discussed in Appendix B.

3.1.2.2Numerical approach for derivatives

The approximation of derivatives in Eq. 3.26 byitérdifferences plays a significant
role for the numerical solution of differential edions, especially boundary value
problems. In the numerical solution of Eqg. 3.26riddives are considered with
forward difference method while the spacihgis considered as constant in our
application. All derivative terms in the matrix fone gridblock with dummy index

as (,j) are calculated far1,2,...,N and=1,2,...M as follows:

of  f.(p"+h)-f (p7
api'n:ji1= (o] QQ) ) (3.51a)

of, T (Pur+n)-1, (P

- / (3.51b)
af)fiﬂ _f(p + Qr;)_ f, (#%) (3.51c)
aif - fulAin er) LA (351d)
o, _ i (rh+h)- 1 (P (3.51e)

op h

Furthermore, numerical solution can work dependhen choice ofhs even if the

finite difference scheme is consistent. The stgbdbndition is a requirement that
the error in the computed solution would be amgiifiin the subsequent
computations. Our experiments not shown here whith derivatives of pressure
dependent terms such as viscosity, formation voltao®r, and gas compressibility,
etc., indicate that only the calculation of denvatof gas compressibility with
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respect to pressure brings restriction for choo#inegvalue of perturbatidm. As can
be seen irfrigure 3.1in which temperature is 232 and specific gravity of the gas is
0.7, the derivative of gas compressibility showsilzgory behavior ifhs is chosen

‘too’ small, but ifhs is greater thanX10™, then these oscillations do not exist.

0.00E+00

-2.50E-07+

-5.00E-07+

-7.50E-07+

Derivative of gas compressibility

| | hs=1.00E-02
o hs=1.00E-03

—— hs=1.00E-04

-1.00E-06 T T T

0 2500 5000 7500 10000
Pressure (psi)

Figure 3.3 :Investigation on the stability of derivative of gaempressibility.

3.1.3 Matrix solver

In the Newton method, we solve the matrix problerey by Eq. 3.23. Here, the
Jacobian matrix arising from our model is a spanaérix. A sparse matrix is defined
as a matrix having non-zero terms far exceeding tha number of zero terms. It is
also important to note the Jacobian matrix for pablem (see the matrix given by
Eq. 3.26) is non-symmetric. So, solving the mapri@blem arising from the Newton
method efficiently requires special matrix solvédsie of the efficient matrix solvers
that can be used is the Yale Nonsymmetric SpardeixMaodes (Eisenstat, 1979).
The Yale code is a direct solution of the systenme@fiations. The nonsymmetric
Yale code includes three driver subroutines by wlacsystem of linear equations
having a nonsymmetric sparse coefficient matrix loarsolved. It is mentioned that
the driver NDRV is designed for speed, the drivddRV emphasizes storage
economy, and finally the driver CDRV attempts tdabae the goals of speed and
storage economy. Note that this code was develape®68 when the computer

technology was not improved as much as it is righw. Since storage economy is
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not a critical concern at the moment, NDRV is inmpémted in the simulator while
all of the drivers were tested in the Chapter 4 werification case. In the reference,
there is another subroutine called as ODRV sugdédstée used prior to running of
the main three drivers whereas the code is notigedv Also, for all NW cases run
in this study, we used ODRYV first for ordering ahén NDRV, TDRV, or CDRV
codes. ODRYV is an ordering driver. The coding maydund in another reference of
Yale Symmetric Sparse Matrix Codes (Eisenstat, L9TYeorders the rows and
columns of the original matrix. This is primarilyowe to reduce fill-in. The
reordering of the matrix need only be done onagesthe nonzero-zero structure is
the same for all the subsequent iterations and sit@ps. Our experiments with the
nonsymmetric Yale code as implemented in our sitbulean handle a matrix size of
250,00x250,000.

We also considered an iterative solver called &BIAG (Press et al., 2010) which
is a biconjugate gradient solution of sparse systeses preconditioners. Our limited
experiments with this solver indicate that it ist nas efficient as the Yale
nonsymmetric code if a preconditioner is not uséte did not consider using
preconditioning matrix to speed up the computations INBCG. Also, this routine

uses an indexed storage scheme to avoid storing péthe matrix.

3.2 Functional Iteration Method

Unlike the Newton method, the functional iteratiorethod does not require the
computation of derivatives of the residual equatido compute the unknown
pressures and hence, it is less computationallgresipe. Furthermore, the matrix
problem arising from the functional iteration medhs a symmetric one, compared
to the nonsymmetric matrix in the Newton methode Tinctional iteration method

is described below.

3.2.1 Brief description

It is a simple method as it solves the reservod aell equations iteratively from
time stept” to t™* by starting with an initial guess &tand then by updating the
pressures and the pressure dependent terms untihok&ve convergence in

pressures. Recalling Eq. 2.88,
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where p; Is the (I+1)st approximation tq)'“l. We wish to havep,

n+l

converge top’;~ within the following two converge criteria fd=1,2,...N and

n+l

1=1,2,...M as well asp,; .
Converge criteria 1:1=0.1 or 1

max n+ll+1 _ an+1) <D

R TR, (3.53)
Converge criteria 2¢ = 0.0001
n+l|+1 pn+1J
max plnJ+1|+1_+_:|_0J—13 <¢ (3.54)

This method may require much iteration in case lstgps are taken and if the
problem is highly non-linear.

3.2.2 Matrix problem

In the functional iteration method, we solve thikdfieing matrix-vector equation:
An+1,lpn+1,l+1 :dnl (3 55)

wherel represents the iteration index for the time let?t, In this method, once we

n+1,

solve pressures 8}, then we sep"*'=p" and then update the matéxand the right

hand side vectod with this pressure vector and then solve Eq. 3c5pf*'*.

n+1,+1 n+1,l

Then, the solutionp andp are compared until convergence. The right hand

side vector is illustrated as:
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(3.56)

The solution matrix will be as:

n+1,+1

Py

n+1,+1

le

n+1,+1

F13l

n+1,+1
P.-
n+1,+1
n+1|+1 p2 2
Pi; n+Ll+1 (3.57)
P52

n+1,+1

Pus”

n+1,+1

P23’

n+1,+1

Ps3

n+1,+1

Pu

The coefficient matrix arising from finite differea formulation can be represented
as in Egq. 3.58 and it can directly be implementet ithe code. Note that for
simplification in presenting the matrix in Eqg. 3,%8new transmissibility term which
is the sum of each transmissibility term in alledtions, using dummy index;jj is
introduced as:

ZTnﬂI _Trn+ll +Trn+1] +T21+1| + -|-£+]J,
|—7J i+l J I,j— ij 2 (358)

2

51



_ n+ll _\/n+l]
ZTl,l V1,1

n+1,|
Tr,
1
2

e
53:1

_ n+ll _\/n+1)
sz,l V2,l

n+1,l
Tré

0

n+1|
Trg
1

_ n+ll _y\/n+1)
sz.l V3.1

0
_Z TJ12+1,| _ Vlnz+l,l

e

2

0 0
Tiz"g" 0
2
0 TZ%
32
2
-I-r3n+1,l 0
>
_z -|-2n;1.| _ V;;ll TE;lI
>
Tg\;l,l _Z -En;rl.l _ V;;ll
>
0 0
Tz:*;' 0
2
0 Tz
32
2
0 0

52

0 0
0 0
0 0
Tzl";’| 0
2
0 2"
hi+s
0 0
_Z-l—lr;l,l _\/1?::“ Tr;;l,l
2
TE DI
2
+1,1
0 ¢,
n+1l
Tr%'3 0

TR
,5'3
2

_ +1] _ \ o+l
2B -V




3.2.3 Matrix solver

The matrix obtained by using this method (see E&P)3will yield a symmetric matrix.
There are two different algorithms used to solvs firoblem, Symmetric Strongly
Implicit Procedure (SSIP) of Welty and Meijerink9@1) and the SDRV (a solution
driver) for Yale Symmetric Sparse Matrix Codes @astat, 1979). SSIP is an iterative
solver, whereas the Yale is a direct solver. S®iffopms iteration to achieve solutions
at a given time and require less storage comparedet Yale for large sized matrix
problems. So, in very large sized matrix proble®S|P is expected to find solution
faster than the Yale. However, our experiments sthawYale symmetric code is even
faster than SSIP for large sized matrix problentse ®nly problem with Yale we
found is that we could not run Yale for matrix sidarger than 250,06@50,000 due
to memory (storage) problems. Therefore, takes mione to achieve solutions.
However, in very large matrix problems, SSIP iseotpd to find solution faster than
SDRV which is an indirect solver. Also, for all FE&ases run in this study, we used
ODRYV first for ordering and then SDRV codes.
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4. VERIFICATION OF THE SIMULATOR

In this chapter, several different well/reservgistems are considered to perform the
verification of simulator, and also to test the alaipties of the simulator developed.
The results obtained from the simulator is companéti those obtained from the
analytical solutions as well as the numerical sohg based on Voronoi grids of
ECRIN (2009) developed by Kappa Engineering fomgle production or injection
well in the center of a cylindrical reservoir welspecified constant surface flow rate
for both fully penetrating and limited-entry vedlc wells producing from
homogeneous isotropic and anisotropic reservoiunBary conditions are already
discussed in Chapter 2. For the verification puegoslifferent test sequences which
contain either drawdown and buildup, or injectionl dalloff periods are considered.
Input data for all cases considered in this chagiteen in Table 4.1lnless otherwise

specified.

Table 4.1 :Input parameters for verification tests.

Parameters Values
Fw (ft) 0.3
re (ft) 750
h (ft) 30
pi (psi) 5000
T CF) 212
Gas gravity 0.7
kr =k, (MmD) 30
First time stegDays) 1x10™*
¢ (psi™) 3.0x10°
@ (fraction) 0.1

For the first four cases where we simulate a drawd@DD) period followed by
buildup (BU) period, the total duration of the siation is 20 hr, as can be seen from
Figure 4.1 The duration of the drawdown period is 10 hr,dbeation of the buildup
period is 10 hr. Flow rate during the drawdown pelis 5000MSCF/D
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Figure 4.1 : Flow rate history at the tested well, verificatiests.

For each flow period, uniformly spaced time poiate used by the logarithmic
sampling of the time interval for computing flowibgttomhole pressure at the well.
As mentioned earlier, ECRIN evaluates both wellbstgrage and non-Darcy flow
coefficients as constant values in its calculatidnsing simulation. Although this
may not be realistic, all cases considered indhagpter also use ECRIN’s way as an
option provided in the simulator for verificatiomnposes if not otherwise stated in
the description of each case. Note that throughioaitverification and application
cases, in all log-log plots, pressure and presderizatives refer to real gas pseudo
pressures and its Bourdet’s derivatives.

4.1 Case 1: Full Penetration

The first case is for a fully penetrating vertigall ignoring wellbore storage, skin
and non-Darcy flow effects producing at specifiemhstant surface flow rate in a
homogeneous and isotropic single-layer reservacmeed in Table 4.1The model
designed in simulator uses structured, uniform lbloentered grid system with
10000 gridblocks imr-direction fFigure 4.2) and 1 gridblock ire-direction whereas
ECRIN uses 727 automatically generated voronoidsgshown irFigure 4.3 Since
this is a homogeneous isotropic and single-layse cboth simulator and ECRIN do
not create more than one gridblockzudirection. Figure 4.4 and Figure 4.5 show
the comparison of the pressure change and its Bosirderivative (Bourdet et al.,
1989) for drawdown and buildup periods respectiv@iyained from the analytical
and numerical solution methods in ECRIN and fromgimulator for the grid system

of N=10000 andvi=1. Boundary effects (or pseudo-steady state flam) be clearly
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seen from the plotHigure. 4.3 as the derivative curve's slope becomes unityewhi

reaching the end of production period. Boundargaff are representing with minus

one slope on the derivative curve during buildupgae
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Figure 4.2 : Areal Coat's grids of simulator.

Figure 4.3 : Areal Voronoi grids of ECRIN used for full penetoat well.

57



1.0E+08

T T T T
F e Analytical Solution (ECRIN) 1 1
| & Numerical Solution (ECRIN) 1 1
|| ——Numerical Solution (SIMULATOR) l l
T T | |
| |
| |
! Py
5 :
~ |
¥ |
‘@ I
o |
- |
— |
£1.0E+07 ] ‘
<
o3
e
£
<
o
L | | | |
L | | | |
| | | |
| | | |
| | | |
l l l l
| | | |
1-0E+06 I B A | T | T B | [ [ |
1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01
Time, hr
Figure 4.4 : Comparison of results, DD, full penetration.
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Figure 4.5 : Comparison of results, BU, full penetration.

Analytical and numerical solutions from ECRIN artte tsimulator yield almost

identical pressure responses throughout the simonl&r both periods as expected.
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However, numerical solution from ECRIN does not vile accurate pressure
derivative responses in the time interval from 0D@ 0.001 hours when compared
to corresponding responses generated from thetarahlgolution. This behaviour is
mainly due to either the effect of grid system ugsed®&CRIN Figure 4.3 or the
different treatments of infinite-conductivity wetlte assumption used in numerical

simulators.

All log-log plots in this chapter having the legeadlled as numerical solution of
simulator represent the solution from the functloftaration technique (FIT)

discussed in the previous chapter. We compareddhions obtained from the FIT
with the Newton (NW) method. The grid system coeséd is N=10000 and M=1.

Figure 4.6 shows a comparison of the pressure versus time fdatthe entire

duration of the drawdown and buildup periods fothbthe FIT and NW methods
with analytical and numerical approaches). As carséen, FIT and NW methods
provide almost identical pressures. The CPU tinsesiuo obtain the solutions from
FIT and NW method with analytical and numerical ragghes were 199 seconds,
201 seconds, and 206 seconds, respectively. Wddshote that we use the same
time steps to compute pressures for both metholgsrl§, for this example, NW

method does not provide any advantage over the Mbreover, the NW methods
take slightly more computational times comparedrFtd. For the example case
considered, FIT and NW methods provide the samdtsefor each time step point
up to five decimal digits at the end of productemd up to seven decimal digits at
the end of buildup. Both methods yield identicaegaure derivatives as well

although not shown here.

In comparison with Ecrin, at the end of productasmd buildup periods, respectively,
pressure differences are 0.7 psi and 0.001 psbordter to further improve the
solution, the effect of number of gridblocks usadthe simulation is investigated.
Therefore, the same system is simulated with 10@p@blocks inr-direction and 1
gridblock inz-direction and tabulated results in Table 4.2.
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Figure 4.6 : Comparison of pressures for the entire flow rasedny, case #1.

From the results given in Table 4.2, it seems thatsen value for the number of
gridblocks to simulate the system is sufficientyasonable since pressure responses
as well as the derivatives do not improve conslagrevell for the case considered.
Thus, simulation on such a grid would be neithexcpcal nor feasible due to both

computational time and storage requirements.

Table 4.2 :Comparison of results, full penetration.

Number of Gridblocks used mdirection and At end of At end of

z-direction respectively production  buildup
100001 4889.170 4991.557
100006x1 4889.166  4991.561
Analytical Solution (ECRIN) 4889.128 4988.598

4.2 Case 2: Limited-Entry

The accuracy and gridding issues for a single édientry well case are investigated
in this case. The reservoir (Table 4.1), flow flaitory (Figure 4.2)and logarithmic
time stepping procedure described in the previase @are considered while using
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the areal Coat’s grid with the logarithmic refinetheear the well-block as given in
Figure 4.7.

=1

15

Distance in z-direction (ft)

I

Bottom of 10
the reservoir

Figure 4.7 : Vertical grids of simulator, limited-entry well.

The vertical grid has a definite effect on the pues response for limited-entry
vertical wells because the numerical solution i#eggensitive to the tips of the
interval. Thus, fine gridblocks near the tips cé thpen interval generates sufficiently
accurate pressure responses. The inside of theiogaal is usually considered at
least 10 uniform block centered grid and then lilyanically refined from the tips to
the boundary in the vertical direction. A vertiggid shown inFigure 4.7 has a total
of 100 gridblocks with 16 gridblocks with a size @125 ft for the open interval
length of 5 ft and a total of 84 gridblocks loghaniically refined from the lower (and
upper) tips to the bottom and top formation boupd@herefore, the model designed
in simulator uses grid system with 100 gridbloaks-direction and 100 gridblocks
in z-direction. The configuration of the example casgiven byFigure 4.8 Figure
4.9 and Figure 4.10show the comparison of the pressure change ari8biisdet's
derivative solutions for drawdown and buildup pddaespectively obtained from
the analytical and numerical solution methods irREBECand from the simulator for
the grid system o=100 andVi=100. The results given for our simulator are fo t
FIT.
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Figure 4.8 : Configuration of limited-entry.

Analytical and numerical solutions from ECRIN arifte tsimulator yield almost
identical pressure responses throughout the sironlébr both periods as observed
in the previous case as well. Except the time watiirom 0.0001 to 0.002 hours for
numerical solution from ECRIN which does not pravidccurate responses like in
the previous case in which reasons for the isseistated, the agreement between the
responses is very good and identical, capturinghallflow regimes; spherical flow
regime (-1/2 slope line on derivative data) dudirtoted-entry, pseudo-radial flow
(zero slope on the derivative) due to total no-flmp and bottom boundaries, and
finally the pseudo-state state flow (unit-slope)idue to no-flow boundaries.

In order to investigate gridding issues, verticatonoi grid of ECRIN is shown in
Figure 4.11where total number of gridblocks is 2051 while #ystem used in our
simulator contains 10000 gridblocks. Pressure obargetween simulator
computation and analytical solution of ECRIN isgklly different (about 11 psi
maximum, at the end of production period) whereassgure change between
numerical and analytical solution of ECRIN is aldmhtly different (about 3.2 psi
maximum, at the end of production period) for theet points considered for the
entire production period. Both of the numericalusioins for buildup period compare

quite well with the analytical solution (maximunffdrence is 0.04 psi).
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Figure 4.11 :Vertical Voronoi grids of ECRIN used for limited-tey well.

Next, like in the Case 1 of fully penetrating wellse, we provide a comparison of
the pressure versus time solutions generated fleenHT, NW with analytical
derivatives, and NW with numerical derivatives this limited-entry vertical case.
The grid system i81=100 andM=100. This comparison is shownkigure 4.12 As
can be seen, all pressure solutions for the eBliideand BU periods are identical,
indicating that the FIT provides the same presswesthe NW method with
analytical and numerical derivatives. The CPU tinf@sFIT, NW with analytical
approach, and the NW with the numerical approaeh2&4 seconds, 285 seconds,
and 290 seconds. Like the fully penetrating wedlecahe FIT method is the slightly
fastest computationally. From now on, unless otiswstated, we will use our

simulator based on the FIT method to generaterésspre data.

To continue with the investigation of gridding issuand to further improve the
solution, the same reservoir system is solved fiferént number of gridblocks in

each direction. Firstly, the importance of logamib refinement near the well-block
is shown in Table 4.3 by running the model withr@ased number of gridblocks in
z-direction from 100 to 1000 and 2000 while keeptimg same number of gridblocks
in r-direction as 100. Note that logarithmically santpliene step points for each log
cycle for the models considered (with 100x100, 1@®MO and 100x2000 gridblocks
in r and z directions respectively) is decreasetf20 (default for all cases) to 5 in
order to obtain solution faster as well as checkimg consistency and number of
iterations at each time step. While a simulatiothvidO points per each log cycle

have 243 time steps in total, newly considered ktimn models with 5 points per
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each log cycle have only 63. Certainly, this doet affect pressure responses and
does not have any changes in the derivative plotasTiteration numbers for each
time step point in the case which uses higher nurobéime step points are less
because of the corresponding time interval's bemgller. Total CPU time needed
for the case in which total time step points insezh from 63 to 243 is also

increasing from 0.5 minutes (min) to 1.7 min.
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Figure 4.12 :Comparison of pressures for entire flow rate histbmited-entry.

The effect of first time step selection is alsoastigated by decreasing its value,
which forces simulator to use more time step poamd consume extra CPU times,
however, give identical pressure responses asaselhe pressure derivatives. Note
that all models throughout the entire project areexd with the same first time step
point which is the minimum value allowable to chedsr calculations in ECRIN
given in Table 1.1.
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Table 4.3 :Effect of increase in the number of gridblockz-direction.

Number of Gridblocks used Atend of Atendof CPU time
in r-direction andz-direction respectively production buildup (min)
100x100 4737.726  4988.597 0.5
100x1000 4739.094  4988.473 7.2
100x2000 4739.453  4988.472 16
Numerical Solution (ECRIN) 4745.527  4988.637 <0.1
Analytical Solution (ECRIN) 4748.677  4988.635 <D.0

Next, the effect of change in number of gridbloaks-direction is investigated and
the results are tabulated in Table 4.4. It can b# @bserved that it does not have
any effects as long as the sufficient amount adlgacks inr-direction used. If this
does not prevail (usually at very less amount afliocks practices like below 25),
then both pressure and particularly pressure derevaresponses are affected
significantly and resulting in misrepresentation tbe flow regimes by giving
unreasonable responses.

Table 4.4 :Effect of increase in number of gridblocks in théirection.

Number of Gridblocks used mdirection and At end of At end of

z-direction respectively production  buildup
100x100 4737.726  4988.597
1000x100 4737.937  4988.475
100x1000 4739.182  4988.473
200x1000 4739.253 4988.473
Numerical Solution (ECRIN) 4745527  4988.637
Analytical Solution (ECRIN) 4748.677  4988.635

Pressure solutions at each iteration of any tirap pbints during the simulation are
also investigated from different solvers which aroduced in Chapter 3 to solve
matrix problems resulting from both FIT and NW nagth. SDRV for FIT method
and NDRV for NW method are decided to use for thére project taking into
consideration of the minimum CPU time (Table 4.8) ahe identical agreement of
all solutions between each other. Note that nunatbdogarithmic time step points
for each log cycle is selected as 3, while firsteistep point is default from Table
4.1, and as a final point, the grid system uselDix1000. Pressure solutions (up to
10 digits) and total iteration numbers from eaclvesofor the entire time period of
simulation are exactly same. In fact, total itematinumber dominated by the

magnitude of the non-linearity of the problem adlvas each time step duration

66



selected to simulate for the entire flow rate hgtorherefore, it may certainly
depend on logarithmic sampling of time step poip& each log cycle in the
simulator. When it is selected as 3, 5, 10 and@@j iteration numbers considering
all solvers for this case, respectively, are 7@, P20, and 465. Note that LINCGB is
not considered since matrix obtained from the camesidered is higher than its

limits.

Table 4.5 :Comparison of all sparse matrix solvers with respe€PU time.

Solvers (Numerical Model) CPU_T|me
(min)
SDRYV (FIT) 4.9
SSIP (FIT) 7.5
NDRV (NW-Analytical) 6.4
TDRV (NW-Analytical) 7.2
CDRYV (NW-Analytical) 6.6

Several properties to model the reservoir systewe leeen discussed and further

implemented for the other following cases as wellhee applications such as:

* For limited-entry well cases, it is critical to ukegarithmic refinement in
gridblocks with the maximum available number ofdgtocks. However, for
the case considered, solutions from simulator doimwease more than 1.5
psi. Therefore, throughout the study, no more th&0 gridblocks are
encouraged to use mdirection since it can already provide reasonabdge

pressure and pressure derivative results to thgtana solution of ECRIN.

* Increase in time step points or decrease in firse tstep selection (for all
cases) and increase in the number of gridblocksdmection (for limited-
entry well cases) do not improve solution at algyided that the minimum

required values are not manipulated. Though, takinge CPU time.

« CPU time dominated by three properties used in lsitimm calculations
which are the number of logarithmic time step poiior each log cycle, first
time step point and finally the number of gridbleck each direction.
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4.3 Case 3: Limited-Entry with Non-Darcy Flow Effects

Non-Darcy flow effects for a single limited-entryel case are investigated in this
case where the reservoir (Table 4.1), flow ratéohys(Figure 4.3, configuration
(Figure 4.7), grid system, and time points described in the evicase are
considered. As described previously, ECRIN evakiaten-Darcy flow effects as
constant in the simulation model unlike the findigference equations derived in
Chapter 3. In order to verify simulator results IwiECRIN, either non-Darcy
coefficient, D, should be calculated from Eg. 2.93 before theuktion, and
provided as an input to the simulator or pressaselts may be obtained from the
simulator by running the finite difference methedluding non-Darcy flow effects
and then interpreted in ECRIN’s non-linear regm@ssnodule so that a non-Darcy
flow coefficient, D, represented by the obtained data from simulatom be
approximated in order to further be taken as aatimplue for the simulator to re-run
the same model in ECRIN’s way (described in Chaptand provided as an option
in the simulator) and finally compare these reswitsi an additional run in ECRIN
performed with the non-Darcy flow coefficient. Sadooption allows demonstrating
simulator’s capability by running both with non-Bgarflow coefficient,D as well as
with evaluating non-Darcy flow effects in the fimitlifference equations. In the result
of running the model described here in finite défece method of the simulator,
pressure responses and flow rate history are puapas data in order to perform data
interpretation in ECRIN and eventually used to appnate a non-Darcy flow
coefficient asP=2.31x10"> MSCF/D™. Subsequently, simulator is run again for the
same model with ECRIN's way (provided as an opiiorthe simulator) which
requires a non-Darcy flow coefficient as a constaltie that is already achieved

from the result of data interpretation in ECRIN.

Figure 4.13 and Figure 4.14 show the comparison of the pressure change and its
Bourdet's derivative solutions for drawdown andIdup periods respectively
obtained from the analytical and numerical solutimethods in ECRIN and from the
simulator for the grid system di=100 andM=100 when non-Darcy coefficient
provided as,D=2.31x10° MSCF/D*. Since the case considered here and the
previous one is identical except non-Darcy floweet§, pressure responses from
both of the cases are plottedrigure 4.15in order to show the impact of non-Darcy

flow effects. FIT and Newton's methods from simotaprovide almost same
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pressure responses as well as pressure derivétivesich time step similar to the

previous cases. Therefore, comparison is not cergidfor the rest of the study.
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Figure 4.13 :Comparison of results, DD, limited-entry with nomy flow effects.
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Analytical and numerical solutions from ECRIN artte tsimulator yield almost
identical pressure derivative responses throughtmtsimulation for both periods.
Except the time interval from 0.0001 to 0.002 hotas numerical solution from
ECRIN which does not provide accurate responsesitikhe previous case in which
reasons for the issue are stated, the agreememedaetthe responses is very good
and identical, capturing all the flow regimes; spta flow regime (-1/2 slope line
on derivative data) due to limited-entry, pseuddiah flow (zero slope on the
derivative) due to total no-flow top and bottom hdaries, and finally the pseudo-
state state flow (unit-slope line) due to no-flomubdaries. Pressure change between
simulator computation and analytical solution of FHR is slightly different (about
11.4 psi maximum, at the end of production periodjereas pressure change
between numerical and analytical solution of ECRdNjuite different (about 60 psi
maximum, at the end of production period) for timet points at the production
period. Both numerical solutions at buildup pericadmpare quite well with the

analytical solution (maximum difference is 0.04)psi
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Figure 4.15 :Comparison of pressures for the entire flow rastdny, case #3.
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4.4 Case 4: Limited-Entry with Wellbore Storage and Skn

Wellbore storage as well as positive skin for ggkeinimited-entry well case are
investigated in this case where the reservoir @abl), flow rate historyHigure
4.3), grid systemand time points described in the first case aresidened while the
location of the open interval is changed as adjattethe top boundary as given in
the configuration of the well sketch iigure 4.7 whereas open interval length
which has logarithmic refinement near the well-Blaand thickness remains the
same. As mentioned in Chapter 3, ECRIN defineshoell storage effects as a
constant value in the simulation model, and skity @m the gridblocks which are
adjacent to the wellbore. Simulator is capable ohsidering both of these
parameters in the way ECRIN does, however, finifder@nce method in the
simulator can only treat skin in such way that & glegion in ther-direction is
created around the wellbore as also discusseceedresults from both ways are
discussed further progressively. In order to ven#gults with ECRIN, wellbore
storage is treated as consta®t0.01bbl/psi in the simulator and skin is performed
the way ECRIN evaluates and chosen as 2.
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z,=275ft h=30ft

Figure 4.16 :Configuration of limited-entry with WBS and skin.

Figure 4.17 and Figure 4.18 show the comparison of the pressure change and its
Bourdet's derivative solutions for drawdown and Idwp periods respectively
obtained from the analytical and numerical solutieethods in ECRIN and from the
simulator for the grid system 6100 andvi=100.
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Figure 4.18 :Comparison of results, BU, limited-entry with WB®&daskin.

The agreement between the responses is very gabddantical, capturing all the
flow regimes; wellbore storage flow regime (uniys¢ line on the derivative data),
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pseudo-radial flow (zero slope on the derivativeg tb total no-flow top and bottom
boundaries, and finally the pseudo-state state flomit-slope line) due to no-flow
boundaries. In this case, spherical flow regimé2(dlope line on derivative data)
due to limited-entry is obscured due to wellborerage effects. Pressure change
between simulator computation and analytical sofutf ECRIN is slightly different
(about 7.8 psi maximum, at the end of productionopg whereas pressure change
between numerical and analytical solution of ECRiMso slightly different (about
3.1 psi maximum, at the end of production period) the time values at the
production period. Both numerical solutions at tug period compare quite well

with the analytical solution (maximum differencedi4 psi).

4.5 Case 5: Limited-Entry with Injection

Injection case as well as the negative skin fomagle limited-entry well case are
investigated here. Here, we also consider the siatee as given in Table 4.1. The
test sequence considered is showrigure 4.19 Note that the total duration of the
simulation is 20 hr with 10 hr duration of an injea period followed by a 10 hr
falloff period. Flow rate during the injection ped is 10000MSCF/D The location
of the open interval is quite close to the bottarrary (2 ft between the bottom of
open interval and reservoir) as given in the camfigon of the well sketch iRigure
4.20 whereas open interval length which has logarithraitmement near the well-
block is changed to 3 ft, while thickness remaia same. In order to verify results
with ECRIN, wellbore storage coefficient is treatesl constantC=0.001bbl/psi, in
the simulator and skin is performed the way ECR¥¢aubut negative at this case
and it is chosen as -0.bigures 4.21andFigure 4.22 show the comparison of the
pressure change and its Bourdet's derivative solsitifor injection and falloff
periods respectively obtained from the analyticed aumerical solution methods in
ECRIN and from the simulator for the grid systemNsf100 andM=100. The
agreement between the responses is very good andcal, capturing all the flow
regimes; wellbore storage flow regime (unit-slopeelon the derivative data),
pseudo-radial flow (zero slope on the derivativeg tb total no-flow top and bottom
boundaries, and finally the pseudo-state state flomit-slope line) due to no-flow
boundaries. The spherical flow regime (-1/2 slope lon derivative data) due to

limited-entry is obscured due to large wellborerage effects. Pressure change
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between simulator computation and analytical sofutf ECRIN is slightly different
(about 1.4 psi maximum, at the end of productionoog whereas pressure change
between numerical and analytical solution of ECRINonsiderably different (about
22.6 psi maximum, at the end of production period)the time points at the entire
production period. Both numerical solutions at tug period compare quite well

with the analytical solution (maximum differencedid psi).
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Figure 4.19 :Flow rate history at the tested well, limited-entvigh injection.
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Figure 4.20 :Configuration of limited-entry with injection.
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Figure 4.22 :Comparison of results, BU, limited-entry with inje.
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4.6 Case 6: Limited-Entry with Multiple Production

Multiple production as well as anisotropy (the @abetween permeability im-
direction andz-direction is defined a%/k=0.1) are investigated while both of
wellbore storage with pre-defined wellbore volunmel mon-Darcy flow effects (not
constant, unlike ECRIN'’s treatment) by finite diface method in the simulator are
introduced as well into this case where the inmtado describe the reservoir is
given in Table 4.6, and time step points per eaghclcle described in the first case
are considered while the length of the open intemaich has logarithmic
refinement near the well-block is 15 ft as shownthe configuration of the well
sketch inFigure 4.24in which bottom of the open interval is 10 ft awfagm the
bottom of the reservoir while thickness remainssame.

Table 4.6 :Input Parameters for limited-entry with multipleoduction.

Parameters Values
rw (ft) 0.33
re (ft) 2000
h (ft) 30
pi (psi) 5000
T (°F) 195
Gas gravity 0.7
k- (mD) 100
k, (mD) 10
First time stegDays) 1x10™*
¢ (psi™) 3.0x10°
@(fraction) 0.2

The total duration of the simulation is 80 hr as t& seen fronfrigure 4.23 The
duration of the each production period is 10 hrjlevkhe duration of the buildup
period is 40 hr. Flow rate during the productiorrigus, respectively, are 2500,
5000, 7500 and 10000 MSCF/D. Skin is chosen asddb terated with Hawkins
procedure for this case, since finite differencehoé only allows that. For wellbore
storage calculations, wellbore volume is calculgiég= = ry>h = 201.4 bbls) from
the bottom of the wellbore to the surface equipnvemth is given as 4000 ft in the
sketch.
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Figure 4.23 :Flow rate history at the tested well, case #6.
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Figure 4.24 :Configuration of limited-entry with multiple prodtion.

In order to perform verification for the case calesed here with ECRIN, the model
is initially run in the simulator with finite diffence method, and then, further
implemented its pressure responses and flow rateriiito ECRIN for performing
data interpretation in order to compute wellborerage coefficient (which is
considered as a constant in ECRIN) from buildup row-Darcy flow coefficientD,
and mechanical skin factor by the use of Eq. 2@&ta are analyzed for each of
production pressure data pertinent to the totaetproduction periods to determine
the total skin factor and plotted as a functionthe flow rategsc proceeding each
production period as shown Figure 4.25in which the best straight line is fitted
(based on Eg. 3.12) through the three data poimtgidgtermine the value of
mechanical skin from the intercept and the non-Daaefficient. The value of skin
is computed asS=5.07, whereas the non-Darcy coefficiedt is computed as
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D=6.61x10° (MSCF/D)%. Skin is found to have a relative difference ofi%.
between finite difference method (with Hawkins Medhand ECRIN treatment.

Total Skin

0 2000 4000 6000 8000 10000
Surface Flow Rate (MSCF/D)

Figure 4.25 :Total skin and flow rate for limited-entry with migle production.

From buildup analysis in ECRIN, total skin, constesellbore storage and constant
non-Darcy flow coefficient is approximated, respesly asS=5.08,C=0.0263 and
D=6.83x10° (MSCF/D)*. Skin and non-Darcy flow coefficient are quitensar to

the ones obtained form simulator. Now that wellbstiarage coefficientC from the
simulator results is also obtained, verificatiom ¢ performed by usin§ and D
values (obtained frorfrigure 4.25 as well asC (obtained from buildup analysis in
ECRIN) to run a new the model in ECRIN and compaiits results with the one
which was run in finite difference method at thestfiplace Figure 4.26 andFigure
4.27 shows the comparison of the pressure change an@8adtrdet's derivative
solutions for the buildup period obtained from #realytical and numerical solution
methods in ECRIN and from the simulator for thelgystem oN=100 andVi=100.
The agreement between the responses is very gabddantical, capturing all the
flow regimes; wellbore storage flow regime (uniyst line on the derivative data),
pseudo-radial flow (zero slope on the derivativag tb total no-flow top and bottom
boundaries, and finally the pseudo-state state flomit-slope line) due to no-flow
boundaries. The spherical flow regime (-1/2 slope lon derivative data) due to
limited-entry is obscured due to wellbore stord@yessure change between simulator
computation and analytical solution of ECRIN iggbliy different (about 1.75 psi
maximum, at the end of last production period) \ehsrpressure change between
numerical and analytical solution of ECRIN is alddferent (about 12.1 psi

maximum, at the end of production period) for themet points at the entire
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production period shown iRigure 4.25 Both numerical solutions at buildup period

compare quite well with the analytical solution ¢amaum difference is 0.03 psi).
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Figure 4.26 :Comparison of results, BU, limited-entry with mpl& production.
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Figure 4.27 :Comparison of pressures for the entire flow rastdny, case #6.
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5. APPLICATIONS

There are three synthetic example applicationsidered in this chapter in order to
show the usage of the simulator developed in thigept so that solutions may be

provided for real field applications in the indystr

5.1 Modified Isochronal Test with Full Penetration and Single-Layer

This application designed to perform a modified clsonal test for a fully
penetrating well in a homogeneous and isotropimdyical reservoir with wellbore
storage, skin and non-Darcy flow effects. The mediisochronal testing is used to
construct the IPR curve as well as to determineréservoir parameters such as
permeability, skin, and non-Darcy flow coefficieninput data for the cases

considered given in Table 5.1.

Table 5.1 :Input parameters for modified isochronal test.

Parameters Values
rw (ft) 0.354
re (ft) 1500
h (ft) 98
pi (psi) 1700
T (F) 122
Gas gravity 0.6
k- =k, (mD) 100
Wellbore Volumé¢bbl) 210.2
S 10
c (psi™) 3.0x10°°
@(fraction) 0.1

The total duration of the simulation is 40 hr as t& seen fronfrigure 5.1 Note
that the test sequence contains four buildup perialll buildup periods respectively
are from 2 to 4 hr, from 6 to 8 hr, from 10 to 12amd from 18 to 40 hr following
production periods respectively from 0 to 2 hrpifrd to 6 hr, from 8 to 10 hr, from
12 to 14 and from 14 to 18 hr. The last producpenod is called as extended flow
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period and used in constructing IPR curve. Wellbeotume is calculated from
calculated Vw = 7 r,>h = 201.2 bbls) as the depth from surface to théohobf the

reservoir is assumed to be 4000 ft.

12500

10000 [~ g—

7500

5000 |-

2500 —‘
0

0 5 10 15 20 25 30 35 40

Total Time (hr)

Surface Flow Rate (MSCF/D)

Figure 5.1 : Flow rate at the tested well for modified isochmabtest.

Pressure responses and flow rate history dataadb/zed for each of production
pressure data pertinent to the total four prodagtieriods to determine the total skin
factor and plotted as a function of the flow raggoroceeding each production period
as shown irFigure 3.5. The best straight line is fitted (based on Eq. Rt@ough
the four data points to determine the value of madal skin from the intercept and
the non-Darcy coefficient. The value of skin is guited asS=9.83, whereas the
non-Darcy coefficienD is computed a®=1.12x10° (MSCF/D)*. Skin is found to
have a relative difference of 1.7% between finiféecence (Hawkins Method) and
ECRIN treatment. From the last and the longesdopilanalysis in ECRIN, constant
wellbore storage is approximated@s0.13&bl/psi

All flow regimes are captured; wellbore storagemMloegime (unit-slope line on the
derivative data), pseudo-radial flow (zero slopetlo@ derivative) due to total no-
flow top and bottom boundaries, and finally theyskestate state flow (unit-slope
line) due to no-flow boundaries as can be seelfrigure 5.3 which shows the
pressure change and its Bourdet's derivative solsitior the last and the longest
buildup period wherea&igure 5.4 shows pressure responses for the entire flow
history of the grid system &§=100 andVi=1.
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Figure 5.2 : Total skin and flow rate for modified isochronest.
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Figure 5.3 : Results, extended BU, modified isochronal test.
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Figure 5.4 : Pressures at tested well for the entire flow hagéory, application #1.
5.2 Packer-Probe Test with Single-Layer

This application designed to perform a synthetiterval pressure transient test
(IPTT) sequence for a vertical gas well in a sifiglgeer system, where pressure data
acquired both at the straddle packer location aedvertical observation probe (see
Figure 5.6 for the configuration). The objectives of IPTT teesire to determine
horizontal and vertical permeability and the flovarters or high permeability
streaks along the wellbore (Kuchuk et al., 201®)e Dbasic input model parameters

for this example are given in Table 5.2.

Flow Rate (cc/sec)

0 12 24 36 48
Total Time (hr)

Figure 5.5 : Flow rate at tested well for packer-probe test.
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Table 5.2 :Input parameters for packer-probe test.

The test sequence is showrFigure 5.5where can be seen the total duration of the

test is about 48 hours and the test sequence nserdae production and one buildup

Parameters Values
rw (ft) 0.354
re (ft) 5000
h (ft) 40
pi (psi) 1700
T(F) 122
Gas gravity 0.6
k- (mD) 10
k., (mD) 1
C (bbl/psi) 0.0001
¢ (psi) 3.0x10°°
@(fraction) 0.1

periods with equal time durations.

Figure 5.6 : Configuration of packer-probe test, case #1.

Firstly, gridding issues are investigated in trasewhere 100 gridblocks are always
used inr-direction. Results presentedfigure 5.7 andFigure 5.8 without any skin
and non-Darcy flow effects in three ways such a& Wagarithmic refinement near
the open interval and the observation probe bygu$id gridblocks (as described in
detail in the case 2 of previous chapter); withfammn gridblocks throughout the
reservoir by using 25 gridblocks and finally withnimum amount of non-uniform
gridblocks by using only 5 gridblocks only. As mienked earlier that the vertical

grid has a definite effect on the pressure resptordanited-entry vertical wells.

¥
probe :.--_-t___
=64 ft
3_1&[5__1____ h=40 ft

R
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Figure 5.7 :Results, BU, at tested well, without skin and withnon-Darcy,case #1.

Am(p) & Am(p'), psi**2/cpi

Figure 5.8 : Results, BU, at the probe, without skin and withmon-Darcy, case #1.
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Figure 5.9 :Results, BU, at tested well, with skin=3 and naardy, case #
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Figure 5.10 :Results, BU, at the probe, with skin=3 and nonepacase #1.
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However, for the case considered, solution doesmptove significantly between
first two approaches whereas the last approaclerdif€onsiderably from others.
Pressure derivative responses from each approadfigure 5.3 indentify first

spherical flow occurring around dual-packer intéread then the radial flow based

on the no-flow top and bottom boundaries.

Secondly, skin and non-Darcy flow effects are itgased. Results presented in
Figure 5.9 and Figure 5.10 with the first approach where 175 gridblocks are
considered as previously explained. It is belietedhave enough accuracy for
engineering purposes for this case since griddssyds are already discussed
beforehand. Pressure and pressure derivative respare plotted ifrigure 5.11
and Figure 5.12 where can be seen that non-Darcy flow effects aaffect the

solutions for IPTT tests significantly and can leglected.
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Time, hr

Figure 5.11 :Comparison of results, BU, at tested well, case #1
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Figure 5.12 :Comparison of results, BU, at the probe, case #1.
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Figure 5.13 :Configuration of packer-probe test, case #2.

Furthermore, in order to introduce hemi-spherit@fregime as well as confirm the
conclusions made earlier for simulation of thisckof tests, another configuration is
considered as shown Figure 5.13where only the location of the open interval is
changed with moving downwards by 6.4 ft. Resultsspnted inFigure 5.14 and
Figure 5.15without any skin and any non-Darcy flow effectsvasl as with skin
(S=3) and non-Darcy flow effects iRigure 5.16 andFigure 5.17 while having the
same amount of gridblocks as respectively 175, r&b & in z-direction. Pressure
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derivative responses for each approachFigure 5.14 as well asFigure 5.16
indentify first spherical flow occurring around diyeacker interval, then the hemi-
spherical flow due to no-flow bottom boundary, dnen the radial flow based on the

no-flow top and bottom boundaries.

In addition, skin and non-Darcy flow effects argastigated. Pressure and pressure
derivative responses (using 175 gridblockg-afirection) are plotted ifrigure 5.18
andFigure 5.19where can be seen that non-Darcy flow effectsdiilnot affect the

solutions for IPTT tests significantly and can leglected.
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Figure 5.14 :Results, BU, at tested well without skin and withonon-Darcy,case#2.

Figure 5.20is the pressure distribution for the system irtigal axis at early times

and late times for the entire flow rate history.eJsan see how the pressure
propagates near the wellbore over both space ared Simulator provides pressure
distribution illustration with respect to time. WUsean select from a track bar which
represents all time steps taken in the simulatownliustration to view the pressure
distribution corresponding to that time point. Widenge of color scale helps to
determine the regions where pressure values areesauied contrasty. Blue
represents highest pressure at corresponding tiepe vBhereas yellow represents

lowest pressure in the color scale. Diagram ofrv@siecross section (also shown in
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Figure 2.1) illustrated at each screenshotkigure 5.20 are already discussed in
Chapter 2.
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Figure 5.15 :Results, BU, at the probe, without skin and withmon-Darcy, case#2.
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Figure 5.16 :Results, BU, at tested well, with skin=3 and naardy, case #2.
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Figure 5.17 :Results, BU, at the probe, with skin=3 and nonepacase #2.
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Figure 5.18 :Comparison of results, BU, at tested well, case #2
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Figure 5.19 :Comparison of results, BU, at the probe, case #2.
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Figure 5.20 :Screenshots of pressure distributions from GUiwfulator, with
skin=3 and non-Darcy flow effects, packer-prob¢ #ds
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5.3 Multi-layers

This application designed to perform a pressunesteat test sequence for a vertical
gas well in a multi-layered system, in which alydes act individually while only
having the same homogeneity and anisotrdpik£€0.2). All layers have its own
thickness, permeability, porosity and skin valusssaown in the configuration
(Figure 5.21) where pressure data acquired from three differpraduction
scenarios, containing either a fully penetrated wepartially penetrated well from

two different places independently.

skin = 2 #=0.15 | Bkr=50mD iz=10mD }ISft

skin=35 $=0.05 kr=5mD  kz=1mD 20 ft

skin=1 $=0.25 kr=100mD Az=20mD 10 ft

Figure 5.21 :Configuration of multi-layers test.

The basic input model parameters are given in T&b® for all cases in this
application. The flow rate history for the fully metrated case when all layers are
open to flow and for the partially penetrated casere only top and bottom layers
are open to follow is given blyigure 5.22 whereas the last case in which partially
penetrated well producing from an open intervat teaadjacent to the middle and
the bottom layers is given biigure 5.24 Note that for the last case described,
wellbore storage is taken by the open interval’ dhwee volume and calculated as
Vw = 7 1’ h = 0.9 bbls whereas for the other cases it is emsand taken as
C=0.0Dbbl/psi Non-Darcy flow effects from finite difference faulation is
considered in all cases and can be either approsdrfeom the Eqg. 2.93 or by using

non-linear regression software by interpretingghessure solutions from simulator.
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Table 5.3 :Input parameters for multi-layers test.

Parameters Values
rw (ft) 0.3
re (ft) 1250
h (ft) 45
pi (psi) 5000
T (°F) 212
Gas gravity 0.7
¢ (psi™) 3.0x10°°
150000 T T
8 1 i
S | |
= 100000 : :
8 |
T 500004 -------- R I
g i
7 |
0 L
0 12 24 36 48

Total Time (hr)

Figure 5.22 :Flow rate history at tested well for case #1 ahda¥ multi-layers test.

The height of the layers from top to bottom, respety are 15 ft, 20 ft, and 10 ft.
Skin values assigned for each layer respectivetiy thie same order are 2, 5, and 1
while porosity values are 0.15, 0.05, and 0.25. lAllers have the permeability
values on the-direction respectively 50 mD, 5 mD, and 100 mDisTtase may
represent a real field application where the reseontains several different layers
with individual properties. Such a system is nosgible to be solved with an
analytical approach. Therefore, it is a good appiln of numerical simulator
presented here with GUI in order to observe presstansients throughout the

simulation.
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Figure 5.23 :Configuration of case #3 for multi-layers test.
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Figure 5.24 :Flow rate history at tested well for case #3 ifltivlayers test.

Firstly, the gridding issues are investigated is #pplication and results presented in
the figures in three ways such as with logarithreftnement near the each boundary
of layers, as well as the open interval by usin® Iffidblocks; with uniform
gridblocks throughout the reservoir by using 2dglocks and finally with minimum
amount of non-uniform gridblocks by using only Sdgtocks only. As mentioned
earlier that the vertical grid has a definite efffec the pressure response for limited-
entry vertical wells. Hence, for the limited-entnell case, there is a considerable
improvement as can be seenFigure 5.26 for buildup, Figure 5.27 for drawdown
andFigure 5.25for the entire flow rate history. However, pregsderivatives do not
improve at all for the other two cases where th# iweither fully open to all layers
or producing from top and bottom layers only. Sangressure derivative responses
in all figures presented in this application aneadly discussed in other applications

as well as in the verification cases.
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Figure 5.25 :Pressures for the entire flow rate history, limientry case.
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Figure 5.26 :Comparison of results, BU, limited-entry case ialtidayers test.
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Figure 5.27 :Comparison of results, DD, limited-entry case wltilayers test.

Figure 5.26 and Figure 5.27 show the comparison of the pressure change and its
Bourdet's derivative solutions for both drawdowrl dnuildup periods respectively
obtained from the fully penetrated and partiallpgteated cases of multi-layers test
application with different amount of gridblocks gsea described earlier. As
mentioned earlier in this application, logarithmedéinement on vertical axis does not
help to improve solutions at all for pressure datiixe solutions. However, there is
considerable pressure difference between two caseshown inFigure 5.28 and
Figure 5.29 although derivatives look identical to each othsrshown inFigure
5.30 Figure 5.31, Figure 5.32 and Figure 5.33 Maximum pressure differences
between the cases where maximum gridblock withrltggaic refinement used and
the minimum gridblock used are tabulated in Tahke & the end of production

period where we expect highest different if exists.

Pressure responses for the entire flow rate histatly the maximum amount of
gridblocks used in vertical direction as 168 incases plotted ifigure 5.34 Thus,

although the well is producing with less amountflofv rate in the limited-entry
case, pressure drop in the wellbore is signifigadtlops compared to other two
cases. Hence, this shows the importance of coropleti a well prior to design the

surface production facilities.
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Table 5.4 :Pressures at end of production for case #1 & #idti-layers test.

Cases 5gridsused 27 gridsused 168 grids used
Fully penetration 3049.050 3050.38 3023.96
Partially penetration 3025.691 3028.75 3001.44
5000
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34500
s
L4250 ]
24000 !
§3750 ;
§ 1
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Figure 5.28 :Pressures for the entire flow rate history, fylgnetrated case.
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Figure 5.29 :Pressures for the entire flow rate history, plytigenetrated case.
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Figure 5.30 :Comparison of results, BU, fully penetrated case.
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Figure 5.31 :Comparison of results, DD, fully penetrated case.
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Figure 5.32 :Comparison of results, DD, partially penetratemdhrfrtop and bottom.
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Figure 5.33 :Comparison of results, BU, partially penetratemrfrtop and bottom.

The pressure distributions are also provided fergpstem in vertical axis at early
times and late times for the entire flow rate hgtio Figure 5.35 Color scale is the
similar with the one discussed earlierFigure 5.20whereas the highest pressure is
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taken constant in this case which is equal to ésemvoir initial pressure in order to

see the effects of buildup more clear in the s@keets.
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Figure 5.34 :Comparison of pressures in all cases for theeefitw rate history.

Figure 5.35 :Screenshots of pressure distributions from GWiwiulator, partially
penetrated from top and bottom case in multi-layess
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5.4 Determination of Non-Darcy Flow Region

This application is designed to give a differenpraach to the calculation of the
non-Darcy flow effects and it can be applied tocabes described. Specifically, a
non-Darcy flow region (similar to a skin region daked by Hawkins) is intended to
be represented as a zone (adjacent to the prodintargal) of altered beta term in
the correction factord] of finite difference equations for non-Darcy flaffects. It

is believed that non-Darcy flow effects no longgists after a such distance which
can not be calculated since no such formulatioriterature exists but can be
approximated by plotting the pressure solutionghvaind without non-Darcy flow
effects) of all gridblocks versus the correspondexgct locations throughout the
reservoir at a specific given time of (usually lre tmiddle of) each flow regime that
occurs during the simulation. Only after that, staince which commonly occurs in
each flow regime at the same time point can berebdeand approximated by length
to represent as the radius of the non-Darcy flogiore Such distance can be well-
used in the Eqg. 5.1 and Eg. 5.2 to do a bettemasitn of the non-Darcy flow
coefficient, D, which is a constant value and usually calculdigda non-linear

regression software in the result of well test diatarpretation.

Another approximation to calculai2 is also introduced in Eq. 2.93 and it is well-
used in the literature. Therefore, in order to chte D, the comparison of two
techniques from Eq. 5.1 or Eq. 5.2, and Eq. 2.98 &80 Eq. 2.94 (in the case of
multiple production) and finally approximated valfrem non-linear regression is
discussed in this application along with the theesize of skin effects which would
dominate the flow regime represented by the presderivative when exists with
non-Darcy flow effects. The basic input model pasters for this example
application are given in Table 5.5. The well is guoing from a fully penetrated
single-layer homogeneous and isotropic reservancesnon-Darcy flow effects are
investigated inr-direction, only 1 gridblock is used imdirection whereas 1000
gridblocks are used in thredirection for this example application. The tesfjsence
is shown in Figure 5.36 where the well is produced at a constant rate of
20000 MSCF/D for 1000 hours, and shut in for 1000rk for buildup.
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Table 5.5 :Input parameters for non-Darcy flow region test.

Parameters Values
rw (ft) 0.3
re (ft) 5000
h (ft) 30
pi (psi) 5000
T (°F) 212
Gas gravity 0.7
k- = k; (mD) 30
C (bbl/psi) 0.01
¢ (psi™) 3.0x10°®
@(fraction) 0.1
25000 T T
8 1 1
K5 20000 gre—
U) |
= |
@ 15000 --------d--ooo
e :
5 10000 |
L |
é 5000 |
; 1
0 |
0 500 1000 1500 2000
Total Time (hr)

Figure 5.36 :Flow rate history at tested well for non-Darcyicggtest.

Pressure responses for the entire flow rate hiswoylotted inFigure 5.39 while
Figure 5.37 and Figure 5.38 show the comparison of the pressure change and its
Bourdet's derivative solutions for drawdown andidup periods respectively with
non-Darcy flow effects and without non-Darcy floWeets in order to identify flow

regimes and select one specific time correspontigch of them.
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Figure 5.37 :Comparison of results, BU, non-Darcy flow regiestt
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Figure 5.38 :Comparison of results, DD, non-Darcy flow regiestt
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Figure 5.39 :Comparison of pressures for the entire flow raséohy.
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Figure 5.40 :Comparison of results, DD and BU, with non-Darowf effects.
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Figure 5.41 :Comparison of results, DD and BU, without non-Dyditow effects.

We also compare the buildup and drawdown log-logtsplof real gas pseudo
pressures and its Bourdet’s derivatives with nonclpflow effects. This comparison
is shown inFigure 5.4Q It is clear that the drawdown and buildup respsrare not
exactly overlay, mainly due to different changecompressibilities with decreasing
(during DD) and increasing (during BU) pressures.tle other hand, a comparison
of DD and BU responses without non-Daré&ygure 5.4]) indicates that when there
iIs no non-Darcy flow effects, the BU and DD resmmsluring radial flow (zero
slope line on derivative data) are identical.

Next, we investigate the effect of non-Darcy flowgide the reservoir. It should be
noted that there are three flow regimes which agbere storage dominated, radial
flow and pseudo-steady state flow occurs respdygtivethis example application.
As mentioned earlier, at least one time point Ileded from each flow regime for
both buildup and drawdown periods and plotted alilijock centered locations
versus corresponding pressure values calculatdteatorresponding time for both
with non-Darcy flow effects and without non-Dardgw effects inFigure 5.42and

in Figure 5.43 As can be seen from the figure, approximatelyado100 ft, both

pressure solutions for each specific time seleetgtier almost becomes equal.

107



Pressure (psi)

Pressure (psi)

5000

4750

|
|

l

| — —wBs

| —— WBS, with non-Darcy

! — — IARF #1

: —— IARF #1, with non-Darcy
| — — IARF #2

! —— IARF #2, with non-Darcy
| — — IARF #3

| —— IARF #3, with non-Darcy
! PSS

: PSS, with non-Darcy

|

|

T

4500

0.

5000

1 1000

Reservoir Radius (ft)

Figure 5.42 :Investigation of non-Darcy flow region, DD.
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Figure 5.43 :Investigation of non-Darcy flow region, BU.
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From both plots, non-Darcy flow region may not kpresented exactly. Therefore,
further investigation is performed in order to see effect of the size of non-Darcy
flow region and also to validate it. Herg,denotes the radius of the non-Darcy flow

region; that is, non-Darcy flow occurs only in ttegionr, <r <r,. We would like to
run our simulator by assigning a value gf for the regiom, <r <r_  and setting
B =0 for r>r,. Note that results are obtained from infinite agtiradial flow

region. With this regards, as also mentioned eane would like to find such a

non-Darcy regiony, to obtain the same solution with whep=r, (i.e., without any

definition of non-Darcy region). Certainly, suchiaglius for non-Darcy region never
exists since pressure solutions in each gridbl@gs unon-Darcy flow terms and can
not equal to the case when non-Darcy flow termsaggigible for the corresponding
gridblocks. Therefore, we would like to calculdbe telative difference between the

pressure solutions in each time step point for@seh value of, and whenr, =r..

After non-Darcy flow region is approximated, EqR Should be used to calculdde

in which the viscosity term evaluation at whichgs@re becomes another issue. Ding
discussed how to evaluate viscosity in detail, hewewe provide in Table 5.2
calculation of D only when viscosity is taken as constant eitherthat initial
condition or at the end of production period whii® expected to be the lowest

flowing pressure during drawdown.

KV, 1 1
D=2.223 10" % e
uh {'Bf ( ror H (5.1)

w n

Eq. 5.2 is modified in the presence of skin effests

15 kryg 1 1 1_1
D=2.223¢10** —¢ {ﬂs(———}ﬁr(———ﬂ (5.2)

U r, r rer

w S S n

where £, is the calculation of beta term while consideratigred permeability after

Hawkins method applied to the permeability disttitn of the skin zone.
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Table 5.6 :Investigation of non-Darcy flow region.

Gridblock Lowest D (when
Exact . . . : D (when
number | . Maximum flowing viscosity . ;
) ocation . viscosity
in ther- relative pressure evaluated
i i of the . evaluated
direction . difference atthe tested atlowest e
) gridblock ; at initial
considered (%) well flowing
(ft) . pressure)
forr, (psi) pressure)
50 0.480706 12.4057 4133 2.31E-04 2.07E-04
100 0.781577 7.7338 3962 3.88E-04 3.39E-04
200 2.066125 2.9543 3786 5.53E-04 4. 71E-04
300 5.46187 1.1152 3718 6.17E-04 5.21E-04
400 14.43864 0.4177 3693 6.42E-04 5.39E-04
500 38.16903 0.1547 3683 6.51E-04 5.47E-04
600 100.9011 0.0565 3679 6.55E-04 5.49E-04
700 266.7355 0.0188 3678 6.56E-04 5.50E-04
750 433.6839 0.0102 3678 6.56E-04 5.51E-04
800 705.1244 0.0051 3677 6.57E-04 5.51E-04

Pressure solutions at the tested well are shovigare 5.44 As can be seen, after
600 gridblocks (100.9011 ft) pressure solutionsob@z almost identical where the
maximum relative difference can be read from T&bteas 0.0565%. Note that from
Figure 5.42 andFigure 5.43 a distance close to 100 ft was observed as .
would like to show another fact when non-Darcy flosgion is considered at the
calculations, that is non-Darcy flow region changeith respect to time. Let’s
continue with our assumption in this example agpicn for non-Darcy flow region
which is 100.9011 ft. We would like to take the nmaxm relative difference which
is read from Table 5.5 earlier and calculate faxhetime step point for the entire
flow rate history, the difference between the sohg when non-Darcy flow effects
exist and when non-Darcy flow effects do not e#isbughout the reservoir. When
the difference which we calculate continuously datime step point is less than our
maximum relative difference, we will consider tltastance as the corresponding
non-Darcy flow region for that specific time stepiqt and plot for the entire flow

rate history as shown irigure 5.45
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Figure 5.44 :Pressures at the tested well, DD, for differemt-Barcy flow regions.
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Figure 5.45 :Non-Darcy flow region for the entire flow rate tasy vs. time.

Figure 5.45 shows the change in non-Darcy flow region when seéect our
maximum difference between solutions with non-Daang without non-Darcy flow
effects in each time step point is around %0.05%then investigations on this graph
need to be studied. However, for our interest, e till prove our conclusions as
non-Darcy flow region is not easy to calculate sitteere should be several different

simulations need to done for the same model. Ef/é'sibelieved to be assumed
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good enough, non-Darcy flow region will change widispect to time as shown in
Figure 5.45 However, a good estimate of non-Darcy flow redmmthis application

does not misrepresent non-Darcy flow coefficienialwhis approximated in the data
interpretation software (ECRIN) &-=5.8310*MSCF/D . We also calculated non-
Darcy flow coefficient from well-known equation literature (Eq. 2.93) and found
as D=5.5x10"* MSCF/D" when initial condition is considered for calculatiof

viscosity since it provided better results durirge tcomparison of all method
solutions with each other. Although we providecethdifferent calculations for non-
Darcy flow coefficient in Table 5.7, we would recorand choosing the approach

based on multirate transient drawdown tests whisnaipplicable.

Table 5.7 :Comparison of results for non-Darcy flow coeffidien

Non-Darcy flow coefficientD,

MSCF/D"

ECRIN 5.83%10™
Non-Darcy flow region method 4
(rn = 100.9 ft) >-4%10°

Well known equation from 5 5010

literature (Eg. 2.93)

Finally, we provide the plot ifrigure 5.46 in which the maximum difference in
pressure solutions (on the left axis) between #me avith non-Darcy and without
non-Darcy for the entire flow rate history and cééted non-Darcy flow coefficient

(on the right axis) versus non-Darcy flow regiodiue.
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Figure 5.46 :Non-Darcy flow properties vs. time for entire floate history.
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6. CONCLUSIONS AND RECOMMENDATIONS

A 2-D (r-z) numerical flow simulation package has been deetlowith following

capabilities:

. Numerical flow simulation

. Graphical well test analysis output
. Graphical User Interface

Applying these techniques and the applicationsudised in the study to various
reservoir models with different flow rate historiés an excellent educational
experience for petroleum engineers to have a bat®ght into how pressure
transients move in a reservoir due to various patars and multiple observation

points in homogeneous reservoirs as well as hetasgys.
Specific conclusions obtained from this can be sanwed as:

* The functional iteration technique (FIT) and the N&hnique give identical

pressure responses.

» Selection of the time steps (especially the firsetstep) is critical to observe

the early time behavior of pressure results in seofraccuracy.

* In limited-entry problems, logarithmic refinemestdompulsory in order to

have a correct solution.

« The number of grid blocks in thedirection does not have a significant effect
on the pressure solutions unless it is not less thaficient amount of
gridblocks (i.e., 25)

e YALE provides an excellent source for solving thgmsetric and
nonsymmetric sparse matrices arising from the neali real-gas flow
problem studied here. With Yale, we are able toutate a grid system with
as high as 250,000 grid blocks in total. Althoubk tterative SSIP method
provides solutions for larger than 250,000 gridckk) but it is quite slower.
For the same size problems, Yale is computatiorsaiperior.
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There are numerous conclusions and concerns statgel each verification and
application cases which may be used for more acdMhnstudies on some

recommendations outlined below as:

* Simulator may be improved further to obtain presssolutions for three
dimensional problems by adding the flow in the @h@) direction. In such
case, packer-probe and probe-probe IPTT testsKgebuk et al. 2010 for
details) would be modeled entirely.

* In addition to the discussion about non-Darcy fleffects, it would be further
investigated to account in consideration of vistgogrm in the non-Darcy
flow coefficient terms (Eg. 2.93 and Eqg. 5.1 or E@®).

* Non-Darcy flow effects oz-direction would be investigated especially in the

case of limited-entry wells.

* Since simulator seems to be working fine in allesashistory matching

problems would be studied.

* Heterogeneity would be modeledriz cylindrical reservoirs and investigate

the pressure propagations throughout the reservoir.
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APPENDIX A

Real gas properties are changed by pressure ametatare such as compressibility,
gas deviation factor and viscosity. In this stuégthermal temperature case is

considered only. Therefore, definition of the coagsibility,cq is given by:

c =_1(0_Vj :_E[Ej :i(a_pj
° viodp), B\op), p\op); (A1)

For a real gas, the equation of state (EOS) defused
PV = ZnRT (A.2)

HereZ is the gas deviation factor, if we combine Eq. Alie derivative of Eq. 1.1
with respect to pressure at constant temperatumek,Ea1. A.2; we can express the
compressibility of gas in terms of the gas deviafector as:

c =1_110Z

There are numerous correlations expressed in thgtlire to determine the gas
viscosity which depends on the pressure. In thidystwe used Lee et al. correlations
to find viscosity. The correlation is:

X py)

u=K e( (A.4)

wherey is in g/cnt, M is the molecular weighf is the temperature 1R andK, X

andy are given by:

10*(9.4+ 0.0M)T*®

209+ 1M +T
X =3.5+¥6+ 0.0M (A.5)
y=2.4-0.2X
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APPENDIX B

1) Viscosity: Simulator uses Lee et al. correlationegi by Eq. A.4, and its

derivative is defined as:

g_g:(Kexpy)a(zppY) :(Kexf’y){g—ﬁpu x‘%}.

(B.1)
=o' )| x001 2|

2) Formation Volume Factor:

0B _ pscT{a_Zi_E}
d T, lopp P (B.2)

3) Density:
dp_M[1 10z
p RT| z " Zap (B.3)

4) Gas Compressibility:

B 9p) B odp (B.4)

0B
0l —
9, __|_10B(oB), 1 (apj
op B> ap\ dp op
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