The Pennsylvania State University
The Graduate School

Energy and Mineral Engineering

PREDICTION OF BOUNDARY -DOMINATED FLOW FOR LOW

PERMEABILITY RESERVOIRSUSING EARLY -TRANSIENT DATA

A Thesis in

Energy and Mineral Engineering

by

Yuzhe Cai

O 2017 Yuzhe Cai

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

August2017



The thesis of¥uzhe Cawas reviewed and approved* by the following:

Luis F. Ayala H.

William A. Fustos FamilyProfessor

Professor of Petroleum and Natural Gas Engineering;
Associate Department Head for Graduate Education

Shimin Liu
Assistant Professor of Energy and Mineral Engineering

Eugene Morgan
Assistant Professor of Petroleum and Natural Gas Engineering

Sanjay Srinivasan

Professor of Petroleum and Natural Gas Engineering;

John and Willie Leone Family Chair in Energy and Mineral Engineering
Interim Associate Department Head for Graduate Education

*Signatures are on file in the Graduate School



iii
ABSTRACT
Unconvertional natural gas resourcbave becomanimportantenergy

supply inNorth America.Shale gas and tight gas provides over half of the natural gas
production in the United Stagd.inear flow is the most common flow type in tight
and shale gas reservoirs. A dendigsed analytical approach was proposed by
Vardcharragosad and Ayala (2014) that could predictpvetiuctionperformance in
the linear flow regimeHowever, this approaaequiregeservoir and fluid properties
for the prediction. As matter of fachostof thesereservoir properties arnknown
and undetermined he thrust ofhis study is to predicthelong-term (Boundary
dominated period) weproduction behaviowith the reservoir properties as inputs

through an updatedensitybased approach.

TheBDF modelproposedn this studyis based on Vardcharragosad and
Ay al a 6 shaskecapmaadh Y2015\ novel andkey taskfor the BDF production
predictionis the utilization of historicaproduction data, which is ofteaarmed as
Production Data Analysis (PDAA PDA techniqués used to estimathe
characterization ratio, whidk appliedto replace reservoir propertigsthe prediction
model In addition trangtion time needto be determined to estimate reservoir size
because it determines the starting point ofatiendarydominated flow. By using the
estimatedcharacterization ratio and the transition time,ribeeldensitybased
approach could be f@nstuctedwithout inputting specific reservoir propertieshe

proposed model was initially validated withmerical simulatiomesults

Thisthesispresents a method to predict bounddoyninated flow behavior in
tight and shale gas reservoirs without the knowledge of reservoir propénées.

proposed transition time determination approach shows advantages over traditional
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end of half slope metho@hus, original gas in place can be directly calculated from
results of transition time determination and early data analysis more accurately. Also
cost of techniques on determining ne®é properties such as weétlgging could be

reduced
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NOMENCLATURE

reservoir aga,l , "®

reservoir area inside RAJ, , "®

gas formation volume factor at initial conditions, RB/scf
oil formation volume factor, RETB

gas compressibility, 10 /M, i i Q

total compressibility, L0 /M, n i "Q

coefficient used to calculate radius of influence, dimensionless
contact gas in place, scf

decline rate, 1/t, 1/day

cumulative gas production, , SCF

reservoir thickness, L, ft

permeability,0 , md

original gas in place, scf

gas pseudpressurep O Fch

molecular weight, Ib/lbmol

pressure, psia

initial reservoir pressure, psia

well bottomhole pressure, psia

dimensionless flow rate

molecular weight, M/mole, 1b/1bmol

exponent used to calculate radius of influence, dimeresenl
pressure M/LO ,psia

gas flow ratep 70, scfd
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n dimensionless flow rate
n decline dimensionless flow rate
r radius/distance from wellbore, L, ft

i external (outer reservoir) radius, L, ft
i radius of influence, L, ft
i wellbore (inner reservoir) radius, L, ft

i wellboreto-initial density ratio, dimensionless

R universal gas constant,-M /0 -T-mole, 10.73 -psi/R-1bmol
t time, days

o dimensionless time

o decline dimensionless time

T reservoir temperature, F

Tsc temperaturet standard condition, F

S Laplace variable

() half fracture length, ft

Z gas compressibility factor

‘ gas viscosity, cp

‘ gas viscosity at initial condition, cp

%0 porosity, fraction

%0 porosity at initial reservoir pressure, fraction

" gas density, IbrdEO

” gas density at initial reservoir pressure, |60
" gas density at average reservoir pressure A/
” gas density at standard condition, BB

” gas density at standard condition, IBE®D
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T average viscositgompressibility dimensionless ratio between

initial reservoirpressure andverage reservopressure
il the timeaveraged value ofl

| unit conversion constan®.328*103 (ft>-cp) / (pstimd-day)



CHAPTER 1 - INTRODUCTION

Tight gasand shale gas resources hbheenreceivng much attention in
recent years. As conventional gas resources are declining, tight gas and shale gas have
become increasingly importacdmponent®f natural gas production in the United
States. According to EIA 201éhese two componenése responsible for
approximatey 70% of US dry natural gas productjdhe fraction is expected to reach
85% in 204((seeFigure 11). Bothareclassified as unconventionahturalgas
resources becausetbkir extremely low permeabilitgnd unique extraction
technologiesTherefore, they could not be produced economically without effective
reservoirstimulatiors. Routinely, horizontal drilling and hydraulic fracturing are used

to achieveeconomially flowrates.

Dry natural gas production by type
trillion cubic feet

2016
60 history | projections
50 Reference
40

30

shale gas and
tight oil plays

20

10

other Lower 48 onshore
0 Lower 48 offshore

1995 2005 2015 2025 2035

Figurel-1 U.S. dry natural gas production by source in the Reference case,
19%i 2040 trillion cubic feet (EIA 20%)
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Linear flow is a typical flow regime occurring in hydraaliky-fractured

unconventional gas playBue to extremely low permeability tie formations
hydraulic fractures aneeededo gain economic flowrate in these reservoitshas
been observed that many tight and shale gas walil produce in linear flow regime
for over 10 or 20 yearsharacterized bfactureswith infinite conductivity and extend
nearly to or to both ends ehchreservoir(Graphical representation of linear flow

systemseeFigure 21 (Watternbarger et atl998).
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|
|

Te
& — — — Stream Line o Wellbore
Reservoir boundary — — — Fracture

Figure 1-2 Graphical representation of linear flow system Top View)

Therefore, linear flow characterization and quantificationcaweial for
understanding, analyzing and predictmegll productionperformance inhese low
permeabity tight gas reservoirsye and Ayala (2012proposed aensitybased
approach to analyze radial flomithin gas reservog In this densitybased approach
the gas diffusivity equatiois solvedby usinga densitybasedransformationBy
usingtwo depletion driven dimensionless variablesandf , this densitybased

methodis able tomodel the performance of gas wells by rescaling available liquid
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solutions. Vardcharragosad (2)Extended the densityased methotb shale and

tight gas reservasr The preceding Boundafyominated Flow (BDF) models
proposed by Vardcharragosad (2014) could predict thepradiuctionin shale and
tight gas reservoirs if precise values of reservoirfand properties are availahle
However, in most situations, soir engineers and modelersmmt haveprior
knowledgeof thesereservoirsHence, the use of early dais of great importances
obtain important insight about reservoir propertidse objectiveof this study is to
arrive atan analytical methotb predict BDF performance in unconventional shale
and tight gas reservoirs withgotior knowledge ofeservoir propertiedVith the
proposed method, original gas in place could be estimated a3 islproposed
method could help sawelarge amount of cost on techniques of detengireservoir
properties. To achieve this objectivieis proposé to use only production datalated
to early transient flow and an accurate time when BDF starts to evaluate and predict

the production péormance of an unconventional gas well.

In this thesis, Chapter 1, as provided above, presents an introdamtion
background informatioto the research topic. Chapter 2 shows previous studies with
regards to the research topic. Chapter 3 presents atidtiedologies developed in
this study, which includes two approaches to determine transition time, an early time
PDA approach and BDF prediction models. In Chaptéddumericatases studies
are presented to validatee proposed models. Also, two fletases are presented to
further test the applicability of the models. In the last section, conclusions of the study

is presented.



CHAPTER 2 -BACKGROUND AND LITERATURE REVIEW

Generally, oil/gas flowin reservoirs anbe divided into early transient flow
and boundry-dominated flow (BDF). Duringhe early transient period, fluid migrates
from an increasing drainage area ititewellbore before fluid depletion reachdése
reservoid boundaryln theboundarydominated period, thentirereservoir depletes
at thesame time as fluid depletion has reached the boundary. This process is
illustratedn Figure 21. Duringane ar | 'y transient period, pre
reached thboundary wiereaspressuraleclines simultaneously acrase entire
reservoirduringthe boundarydominated periodWith the aid of production data
analysisat theearly transient periqdhis studyseeks tgredictboundarydominated
flow behavior in unconventional tight and shale gas reservoirs withedirect

inputs ofreservoir prperties.

Transiént flow

Pressure (p)

Distance (r) Te

Figure2-1 GraphicRepresentation of Early Transient Flamd Boundary
Dominated Flow

Due to the extremely low permeability @hconventional tight and shale gas

reservoirsthe reservoir formation has to be hydraulically fractuceehsurehe flow



deliverability and thugconomiagasflowrates. When the fracture extends(tar

nearly tg both ends othereservoir boundary, linear flosan beexpected to

dominate theflow regime. Although hydraulic fractures are created to enhance the
production rate, the extremely low matrix permeability still leadslémg period of
early transient flowlt is important to use production data analysis technique to early
transient flowdatato define the flow regimes and arrive the inputs for the BDF

prediction This studyfocuseson the case of constant bottomhole pressanglition

When other reservoir properties are knotreapplication of theraditional
production data analysmethodof linear flow into low permeability reservoirs
enablesheextracton of thecw M Qvalues (Wattenbargeet al. (1998). The thrust of
this study ighe prediction ofong-term well performance without detailedowedge
of reservoir properties. Neproduction data analysis techniques are presented in this
study andby the aid of these techniques, BDF performamaspredicted without the

luxury of knowledge of many reservoir properties.

This chapter firstly presemta reviewof gas solutioafor infinite-acting
reservoirs undetheconstant)  specificationThis is then followed by an
introduction to Rgion ofInfluence (ROIl)an important conce@nablingearly
transient solutionk-ollowing this areview of certainproduction data angdis
techniques developed from early transient gas solution and transition time
determination techniques describedFinally, areview of BDF gas solution under
constan)  production is presented. TheoposedBDF predictbn approach is an

extensiorof theBDF modelreportedby Vardcharragosad (20)L



2.1 A review of gas solution during the early transient period constant |-, g

Early transient flow refers to the period wHand migrates from an
increasing drainage area iriteewellbore before fluid depletion reachb® reservoir
boundaryTheearly transientlow behavior is of great importante predict the BDF

behavior

Van Everdingen and Hurst (194®ve proposed eonstant)  liquid

solution for linear flow systeras shown irFigure 22. In the Laplace domainthe

solution utilizes d.aplacevariable,Gdefined aghe following equation

— Equation2-1

o ¢ p .
N —= Equation2-2
A NO

|
|
|
|

P

Xy ;€

|
|
|

r ‘ + ___________
[
[
|
|

| t————————— -
|
Te |
¥
|
|

& — — — Stream Line . Wellbore
Reservoir boundary — — — Fracture

Figure2-2 Graphical representation of a linear flow system (top view)
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N ando are dimensionless flow rate and dimensionless time for all,

respectively anthe cefinitions of the dimensionless variables aréoisws:

. N n
[ CE EOt 0 Equation2-3

| Qo
%6 WW Equation2-4

The oil rate calculationare nomlimensionalized using (oil formation
volume factor)t 1 EIE O A |, Kjgendability), h (reservoir thickness), 0
(the difference betaen initial pressure and bottomhole presskésgorosity),o
(total compressibility) and (half fracture length). is anunit conwersion constant,
which equals to 6.328*18 (ft?-cp) / (psimd-day). For gas systems, the diffusivity
eqguation for linear flow is linearized lmgingpseudefunctions.Thesame liquid
solution @anbeappliedto thegas system ithe pressure is expressed in terms of
pseudo pressure (Al-Hussainy et a) 1966) and pseudtime, 0 , (Agrawal 1979;

Fraim and Wattenbarget987).The dmensionleswvariables arelefinedas

, 0 n "y
d Yy T Equation2-5
| @
% W 0 Equation2-6

Pseudo variables for linear flow are defined as

Equation2-7



‘Taf Equation2-8

Based on observations of production data analysis from tight and shale gas
reservoirs which exhibit linear flow behavidattenbargeet al (1998 suggested
thatd in Equation 24 could bedefinedin terms of actual timet during the early
transient period. The linear relationship betw&én (gas flow rateand o

simplifies the production data analysis technique.

The classical gas solution during early transient period under a constant
bottomhole pressure is based on application of pseudo preAsigasitybased
approactwas originally proposed by Ye and Ayala (202&hich could model BDF
behavior without employing pseudionctions This approactcanobtain gas solutions
for radial flow under a constant bottomhole pressure by implementihgal
rescaling a$ollows:

f 0 =|'_:n 1o Equation2-9

The viscosity/compressibility ratié betweerinitial reservoir pressure
andaverage reservoir presswras derived originally by Ye and Ayala (201@hich

has been improved rigorously by Ayala and Zhang (2013) as:

(— Equation2-10

‘ [of representsaverage fluid viscositgompressibility between average

reservoir condition and bottetmle conditiomand— Y X0 w
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I is defined as the timaveraged value of the viscosity/compressibility

ratio:

S
ol

Qo Equation2-11

The dimensionless variables are defined in terms of dessity

. - n ' . :r'l
r] 13 ¥ ” ” (L) M .

| ¢t Q I Equation2-12
or 190y

%o W W © Equation2-13

z denotes that the dimensionless variables are in the form of density.

Pressure dependent variablésnd! lcould be used to obtain gas responses
by displacing liquid solutios The definitiors of _landi Ishown in Equation-22 and
Equation 213 are valid whemo & (assuming rock compressibility = 0). It could be
noticed that [=1 = 1 for liquid case and Equatiordollapses to the original liquid
solution. The original densiyased transformation proposed by Ye and Ayala (2012)
was developed for radial flomnty. Vardcharragosad (2014) extended the density
based transformation to linear flow, which is often exhibited in shale gas and tight gas
reservoirsVardcharragosails  wslwmwskiransformation equation in Equatie8 2
can be used for linedlow regime.\ar dc har r a g ols agdstsalutiafarn st an't
early transient flow period is given as:

—S P
=“mro Equation2-14



10
Originally, theaverage density calculated by material balamage based on

theentire reservoiwhich introduces significantestimationerrors.Anderson and
Mattar (2007)suggestedhat the calculation of material balance staterseald be
based onegion ofinfluence(ROI) rather than the entire reservoir ahdnext section

introduceghe concept of ROI.

2.2 Conceptof region ofinfluence

Region of influence (ROI) is a very important concept proposed by
Anderson and Mattar (2007). This technique significantly enhances the accuracy of
production data analysis (PDA). In traditiofdDA (Wattenbarger et al1998;

Ibrahim and Wattenbarge2006) pseudo variables are calculated based on the
average pressuserosgheentirereservoir, whichresults in estimatioprrors.
Anderson and Mattg2007)suggesthatthe calculation of avege viscosity and
compressibility shoulthe basel ontheaverage pressure within the region of
influence. The application of R@habledinearization ofthe linear gas diffusivity
eguation because the average pressure within ROI has been proved todm const

during early transient period.

Anderson and Mattar (2007) firstly define ROI by introducrgdius of

investigation] , defined as

: .~ Qo ,
( o O‘—T— [ .
%0 W Equation2-15
where i is the radius of the inner boundaty ( Ttfor linear flow and i for

radial flow)ando is a controlling parameter which controls how fast the drainage
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area increases. Anderson and Mattar (2007) adopted the classiahle of 2.

Differentd values ranging between 0.379 and 4.29 have been used under different
conditions (Kuchuk, 2009). Nobakht and Clarkson (2012) found that ugng th
classical value of 2 undestimateseservoir average pressure within ROI

compaison tothe numerical simulatiomesults Therefore, lhey proposed a correction

of calculation of reservoir average pressure using material balance stabasehbn
numerical simulatiopwhich is equivalent to usingG value of 2.5541 will use this

value throughout this thesis.

The concept of ROWlas based on thatservoirs of different sizes but with
identical reservoir and fluid properties and produced under the same production
specificatiors should have identical reservoir responses duringahky transient
period. A grapltal representation is shown in Figure2At any time t during early
transient period, reservoir A and reservoir B have identical average pressure within
ROI (inside bothyellow zone¥, but the average pressure within tinéire reservoir
will be different.Also, _ ¢ ¢ 1Jestimatiors for linear early transient solution should

bebasel on the average pressure within the ROL.

_____________________ -
® Ld
——————— e e —— o | o ——
l i
——————— +le——————— ——————— ===
] 1
] 1
——————— R e —_—_—— e A —— — — —
Reservoir A Reservoir B
& — — — Stream Line . Wellbore

Reservoir boundary — — — Fracture
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Figure2-3 Graphical representation of tRegion of Influence concept for
linear flow

For dry gageservoirsAnderson and Mattar (2007) suggehising
material balance equation to evaluate average pressure within ROI:

0

P 4 “0O0D Equation2-16

£l c
g1

In thedensity form, the material balance equatianioe expressed as

” II— "O
6 "0"'00 Equation2-17

where CGIP representisegas volume in place within ROI:

5 OO0 0 (%3
0 V= Equation2-18

where 0 represents the reservoir area inside the &@i  stands foradius of

investigationFor a lineaflow system:

Equation2-19

Vardcharragosa(P014) defined Normalized Pressure Drawdown (NPD) as

the normalized pressure difference between any reservoir location at any time:
0if 0

v O u Equation2-20

Cq —

By using the concept of radius of investigativiaydcharragosad evaluated

O O ‘@or linear flow at the location 1
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5B G Qi o Je
vLu P ! cho Equation2-21

FromEquation 221, the NPDat the location i isatime

independentariable According to6 value of 2.554NPD at the outer boundaif
drainage areahould always be fourid be 7%using Equation 21. This pressure
drawdown criteriorwill be used inalater sectiordevoted ta transition time

determination proceszlledi Anal ogolack ipdoogdur eo.

2.3 Review of production data analysistechniques

Production data analysis (PDA) is a useful f@olestimaing reservoir
reserve and forecasng well performance, which is very important in economic
analysis of the field exploration and dev
classical PDA techniqueb.n A r p 0 s prodoation declingai ke classified
into exponential decline, harmonic decline &ygerbolic decline based on a decline
exponent (b). Foagas system, the decline parameters are determined through
empirical curve fitting of histacal production datafFetkovich (1980nmalytically
proved that undersaturated oil productiorder volumetric depletioexhibits
exponential declinéb = 0) Fetkovich et al. (1996) further showed that typical gas
production exhibithiyperbolic decline with b = 0.40.50,and the lvalue is
empirically determired There are some welinown techniques that could accurately
estimate OGIP based on production data during BDF period: the use of material
balance pseudbme (Palacio and Blasingame, 1998)d flowing material balance
formulation(Mattarand Anderson, 2003n this study, we focus on the production

data analysis during early transient period.
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For early transient period in a classical linear flow sysiéattenbarger et

al. (1998) proposed a PDA approach for low permeability reservaicgiping in the
early transient flow period under constant specification. The gas linear flow

solution proposed by Wattenbarger indicates that, under a constant bottomhole
pressure, a plot gffr) vs3/0is a straight line beforéhe beginning oBDF. The slope

of this straightline is used to calculate /Qas:

T o p&Y Y P
w'Q ——0 O .
Q% w T [ a Equation2-22

where m is the slope of the plot.

It wasnoticed that using the slope of the plopdf;  vs.0always
tended taverestimate 'Q Ibrahim and Wattenbarger (2006) statteatthe use of
pIfl  vs.Moled toestimatiorerrors because tiie pressure drawdown dependency
of the linearflow system andhenceproposed an empirical facté€hwhich allows a
more accurate determination of e/ Qvalue. Nobakht and Clarkson (2012)
claimed that pseudo time should also be incorporated to accouiné fonange ofjas

compressibility.

Traditionally, average viscosity and compressib#itgestimated based on
theaverage pressure across the entire reservoir, wiggtintroduceestimation
errors. Anderson and Mattar (2007) suggd#tat the calculations of the average
viscosity and compressibility should be based on the average pressure within the

region of influence. In this respeat,/'Qcould be calculated from the slopepdf)

vs./0 plot using Equation-49. The acctacy of this traditional PDA technique has
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been improved through correction by the ROl concEpey also found out that

average pressure within ROl remains constant during the early transient period.

The traditional earlf?DA technique requireapplicatonsof pseudo variables.
Vardcharragosad (2014) proposed a derdsdtsed solution for gas linear flow system

under constand  andthe authodeveloped a similar straiglihe analysis
technique. Witbut employing pseudo variablaad usinghe plot ofpf}  vs.0,

® W' Qcouldbecalculated as

o p o b
whQ - e o o o Equation2-23

where is the density drawdown ratio defined as:

Equation2-24

_lis the pressue-dependent dimensionless ratia found byAnderson and
Mattar (2007), the average reservoir pressure remains constant during the early
transient period (under constant production) _lis a constanashas been shown in
Vardcharragosadb®os thewaluelof lia related erlyltdheinfiad c a u s e
pressure anthebottomhole pressure, one could simply obtain the valudusfng

Vardcharragos aghdselutienar | 'y transi ent

PreviousPDA aims at extradng the o VQvalue assuming other reservoir
propetiesare knownBy contrastthis study is aiming at predicity BDF behavior

withouttheknowledge of reservoir properties. A characterization nétioohis used

in the proposed BDF prediction modielV ar d c h ar r a gttissaiatanalsos t udy
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be calculated from the slope of the plopdf) vs.0. The densitybased method

couldaccounfor the change ofjas compressibilityithout calculation of pseudo

variables The Wi ratio could be expressed as:

o G _l0
Wi — o Equation2-25

2.4 Review of transition time determination and reservoir size estimation

techniques

Transition time estimation is of great importance. It can be used as a tool to
screen BDF window and it has been used to estimate OGIP inprangus studies

(Watternbarger (1998Arevalo et al, 2001 and 2005

End of half slope is a simple method tweenthe end oftheearly transient
period and the beginning of BDF period of linear flow. In early transient period, log
log plot of 0 Bwould yield a straight line witk0.5 slope and lo¢pg plot of
' 0 Bdwould yield a straight liea with 0.5 slope. The time when Haog plot of
n U Bdeviates from0.5 slge straight line or when tHeg-log plot of 'O 0 B
deviates from 0.5 slopshould be the transition tinte. This method is simple,
however, not accurate emgh. Determination of the end of half slope on altay
plot is arbitrary and may yield differentresultist 6 s al s o bGaaldg t o spot

log plot.

Watternbarger (1998) also suggested that many wells may be shut off or
occasionally experience ahges in well pressure because of market curtailment.

When thiswas happeninghe half slope may not always be apparent or may remain
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steady. The end of half slope method should be seen as a screening method rather than

a gquantitative tool for analysis.

Recently, a nevapproachof determining the transition tinfeom early to
boundarydominated conditions was presenbgdMarch et al. (2016)[his study
applied their findings ta countercurrent spontaneous invasion pro&ssntaneous
invasion of a wetting phase into a poreystemdriven bycapillary force is a
physical process that is commomirany geological application¥his process could
also be considered in two stages: early time stage and late time stage. Brigagyt
time stage, the advance of the wetting phase frastnot reacheithe no flow
boundary, whih is shown in Figure 2.5 &s (the black dash line). The early time
behavior is characterized by an analytical solution scale baggd (bacas, 1918;
Washburn, 1921) During a late time stage, imbibition has reached the botindary
and the late timbéehavior follows the empirical exponential model given by

Aronofsky et al. (1958):

w .
o P Q Equation2-26

w h e rrepresents the rate of the transfer

NO FLOW BOUMDARY

— | IMBIBITION
9w | PROCESS NO FLOW BOUNDARY

MO FLOW BOUMDARY iLc

Figure2-4 Graphical representation of single dimension coucterent
spontaneous imbibition
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March et al. (2016) presented a hybrid model of imbibed volume based on

existing early time analytical model and late time empirical model. While formulating
the hybrid model, transition time of early time behavior and late time behavior need to

be determrmed first.

The process of determiningbhackhe transi
procedureo by March et al. (2016). The an
Figure 38 is for a seminfinite domain, which means it is only suitable for eanydi
before the imbibition process reaches the boundary. For the reason that analytical
solution is only available for early stage, overall saturation when the no flow
boundary is reached could ntoaachepobttaidue @
useshe saturation profile of early stage to determine the transition time. Basing on
the early time analytical profile, they proposed a mass conservative method to catch
the transition time, t. They took the imbibed volume that had left the no flow
boundaryaccording to the analytical solution and filled it back into the domain. This
was accomplished by filling back the shadow area on the right side of the boundary to
the shadow area on the left side (the area of the green shadow part on the left side of
theboundary in Figure 2.6 should equal the area on the sightshadow). A
saturation platealB( ) that leads to an equivalent volume in the physical domain need
to be identified to conduct the filling back procedure. The time when the two shadows

have thesame area is defined as the transition time.
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Figure2-5 Filling back procedure (March et a22016)

The notions of early time and late time behaviors are very similar to how

we define early transient floand late boundargiominated flow in linear flow

system. In the methodology section, we show how we applapipioacto dry gas

production

2.5 Reviewof BDF gas solutiorii under constant |-, g

Classical linear flow system could be a vertical well with an infinite
conductivity fracture that extends to reservoir drainage boundarasooizontal well
with multi-stages fracturesn such situationshediffusivity equation for linear flow

systens in pseudefunction form could be expressed as:

TT % @1 T

T Q 10 Equation2-27
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[ ando denote pseudo pressure and pseudd time

<h s
( o an Equation2-28
o
© W © Equation2-29

Miller (1962) derived solutions fdhe case ofinsteady influx of water in
l inear aquifer reservoirs by modifying Ca
solution: for a linear closed boundary reservoirs produced under a constant

0 condition, the liquid solution to the linear PDE can be writtern infinite

series:

T W Qi e Odo .
Tal_ on —/—+Yv ° Equation2-30

The definitions of the dimensionless variables for the liquid are as shown in
Equations 23 and 24. Thisliquid solution could also be written in decline

dimensionless form:

d wne o Equation2-31
The definition of dimexsionless decline variables alefined as:

n T n Equation2-32

Ti Equation2-33
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i is dimensionless size of reservoir and in the linear flow system, it is

defined as:

[
© Equation2-34

Watternbarger et al. (1998) then adapted the linear liquid solution to gas
flow by replacing pressure by pseugi@ssure. They argued that the above liquid
solution could béransformed into gas solution by writing dimensionless variables in

terms of the pseudo functions as:

, 0 n "y
d Yy T Equation2-35
| @
% W W Equation2-36

A densitybased transformation of liquid solution to gas solution for radial
flow was proposed originally by Ye and Ayala (2012). Denbdged approaches

allow us to obtain gas solutions preed under constaat production by

implementing aff rescaling as:

n 0 ="_31 1o Equation2-37

Vardcharragosad (2014) has shown that the debaggd transformatian
Equation 237 could be extended to linear flow regime. Linear gas solution could be
obtained by applyinglandr [rescaling method. Equation3d and 232 could be

transformed into:
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1w e W ‘ Equdion 2-38

Equation2-39

The definitions of pressu@ependent variabledand' [have already been
provided througteEquatiors 2-12 and 223, respectivelyandtheaverage density a
reservoircan bedeterminedn the basis of theaterial balance statement (assuming
volumetric dry gas depletion):

” Il— "O
0 "000 Equation2-40

where"O denotes cumulative gas production:

Equation2-41
andOGIP denotes original gas in place and is calculated as:
" OO,.Tl 0 "o
v v 0 Equation2-42

The rescaled infinite series solution is rigorous,ibotay not be found to
be sufficiently satisfying for production data analysis purpdsesto the presence of
infinite number of termsVardcharragosad (2014) truncated the rescaled infinite series
in Equation 239t o0 g e tt iamed |l aoppr oxi mati on sol uti ond

of dimensionless decline flow rate and decline time:

’ z h S z
n fAoer b Equation2-43
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This solution keeps the first term (n=1) in equatie®72 It should be

accurate during lateéme with accuratefandf values usethecausevhend s big
enough so the resf theinfinite series could be omittetlowever it should fail to
capture early time production rat'ecause whea is small the infiniteseries
could not be omitted. Due to the mismatch of flow rate during early értnseriod
material balance equation as shown in equati@f B not guaranteed. In this
condition,theaverage density of the reservoir for the determinatioilasfdf fwill be
estimatedncorrectlyin the LTA approachwhich results in inaccurate plietion of
late time behaviors as wellhereforeto ensure more accurate resulte proposed

LTA approachneedsa material balance correction.

Vardcharragosad al so derived a AMater.
BDF solution) by using the fwing gas diffusivity equation:

, - O, ... PG
z h D z
n =bC_ Qown _% b Equation2-44

Unlike LTA, theMB-BDF solution followsthereservoir material balance
statement strictly but assumtbst BDF starts athe very beginning of production,
whichis not possible. Thereforthe MB-BDF solutionresults ina mismatch when
boundarydominated behavior begins just as it is trying to preserve material balance.
TheLTA solution is not accurate as wekcause of impropetfand [calculation due
to the failure of preserving material balance. Vardcharragosad has shown that the best
match could be obtained by usitigg LTA solution with a material balance

adjustmenthatcould be accomplished in eithafrthe ways described below:

1) Implementingthe LTA solution andthe MB-BDF solution together. The MB

BDF solution is simply used for estimagiaccurate landf fvalues.
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2) Adjusting the LTA cumulative production by a facter p& g¢also for the

purpose oestimatng accurate land lvalues.

In Vardcharragosails  sitwasddgmonstratetthat the rescaled gas
solution has a best match with numerical simulation, whereas LTAMBth
adjustment gives a relatively good result compared to LTA aneBdB soluton.
Hence, wewill developBDF prediction approach based on the rescaled gas solution

and LTA with MB adjustment.
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CHAPTER 3 - METHODOLOGY

This chapter begins with descriptions of ttéxhniquegor estimaing the
transition time andhereservoir sizeoneof themethod usedboth gas flow rate and
cumulative gas productiomhile theother method is calletheii Anal ogo-us Fi | | i
back Procedureo which is inspired by a tr
countercurrent spontaneous imbibition prec&sena PDA method is presented
which also uses both gas flow rate and cumulative gas produthierproposed BDF
model is based oviardcharragosail £014) long-term approximation BDF model
with material balance adjustmehlsingtransition time deterimation and PDA

techniquesthe BDF prediction modelvas built

3.1 Using product of 4 y&and

As stated in Section 2.4, using the end of half slope irj theplot always
tends taunderestimaté whereas using end of slope '@y tends tooverestimate® .
Herel proposed te@xplorea numerically generated production data produced from a
synthetic reservoir as an examgtastly, | define a variable called the actual

transition timep f, .

The purpose of the determinationtfis to estimate reservoir size as:

N B -
i — .
0 D= Equation3-1

To have an accurate estimation gfan accurate value of is crucial In
thenumerical case study, the actual transition timeis defined by inversely

calculating inputs to our synthetic reservoirs andihealue of 2.554 suggested by
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Nobakht and Clarkson (2012) for linear flow under constant bottomhole pressure

specifiation.

Table3-1 Input of a sample study

Input Value

Pi(psi) 5000

Pwf(psi) 3220
T(F) 290

sg 0.717
Porosity 0.15

k (md) 0.01
Thickness (ft) 92

Xf(ft) 392.7

re(ft) 2000

The numerically generated data for the input shown in Taftlées3ised to
validate the methodology.; is calculated to be 1051 days. As we have stated in the
Chapter2, the use of the traditional end of half slope method to determine transition
time causes significant errors. Figurd 3hows that the end of half slope methind,
obtained from logog plot of' 0 Bis 2000 days and from legg plot of N 0i &
is 600 days. Wagainconclude that the use of the Hmg plot offy 0 B
significantly underestimatedl whereas using the ldgg plot of' 0 Bhas

overestimated .
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Figure3-1 lllustration of End of half slope method (A numerical case)

Since using]  underestimate8 while using’ overestimates ,

numerically couple these two parameters may potential offer the accurate estimates

The dmensionless cumulative gpsoduction enbe calculated as:

nw — VIT 0 Equation3-2

By inspecting the expressions fprand ' for the early transition

period it was notedhat the product af and' s independent of time:

B 00 —

Equation3-3
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Writing the above equation in terms of real gas flow rate and cumulative gas

production:

Equation3-4

Al 1T O0AT O
The_lvalue istheaverage viscositgompressibility dimensionless ratio
between average reservoir pressure and belttole pressurand it is a function of
initial reservoir pressure and bottomhole pressure. Hence, one can simply calculate
the_lvalueusingvar dcharragosadds early transient
and Mattar (2007), the average pressure within ROl remains nodsténg the early
transient period, solvalue remains constant; which indicates that 0 should
remain constant during the early transient peridek time whenj OO deviates
from constant should be the transition timéywe canapply it for our lateBDF

prediction.

As shown in Figure 2, the product off and’O remains constant before
around 1000 days, but after 1000 days the product begilectioe Comparing this
with the accurate transition time, which is 105¥sjdheestimatecerror is 4.87%
which isbelieved to becceptable. lall cass, it is superioto end of half slope

methodbecause the improved accuracy
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Figure3-2 Transition Time Determination Using Product 4f y and

3.2 Determination of transition time 7 AnalogousFilling Back Procedure

March et al(2016 developedh new method to determine transition time of
a countercurrent spontaneous invasion prod¢eghe invasion procesthetime
before the advance of the wetting phase front influntheno-flow boundary is
calledtheearly time and after the wetting phase front reatieboundaryit is
calledthelate time. The notions of early time andceléime behaviors are very similar
to how we define early transient flow and late bounafiminated flow in linear flow
system. March et ahadused water saturation to characterize transition time. In dry
gas production case, the saapproachwas adoptéto determine transition tinse

Similar to water saturationiar c hdés f i | | i hchoseilrepeeksurpat oced ur
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the reservoir boundas the criterion for characterizitige transition time.

According tothe numerical simulatiomesultsand analytical solutics)the pressure
decline at theeservoirboundary when BDF staris found tobe around 7%.
Therefore, théransition time could be determinagingananalogous filling back
procedureThe early transient pressure solution undestant bottomhole pressure

constraint is given by:

<Ko Equation3-5

whered

The black solid line in Figurg-3 represents the profile for infinite domain
(early time pressure profile). Following the use of a Cr value of 2.554 and
Vardcharragosad s NPD t heory as2lgtisdoundthatthe Equat i on
pressure at the outer reservoir boundary is 93% of inésrvoir pressure when
boundarydominated flow regime begins. As shown in Fig8«& we can now
accomplish the mass conservative method in terms of pressure. The blue line
represents reservoir boundary and area of region A and region B should be equal

when BDF behavior begins.
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Figure3-3 Analogous filling back procedure

Although production data after BDF window is not required in this
analogous filling back procedure, it requires knowledge of somevo#isproperties.

Before the analysi$, 1 fw value is required to define areas of shadow A and B

In order to transform (dimensionless time) t@ (real transition time) using

definition of dimensionless time as shown in Equatick82value of ——is

also required.Using the valu®f c¥d®, one could also udeandk to obtain the value

of —— . This analogous filhg-back procedure shows big limitatioin the next

section| 61 | i nt r odu c deteanne ttahsiian tinneevithbud sdicht o

limitation.
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3.3 Production data analysis techniques

Another rateime analysis approackas developed heliy combining gas
flow rate with cumulative gas productiofss already shown in section 3.1, the
product offf and’O remains constarturing early transient period:

¢t % oY -
3 =
” ‘ (b | 'Q “

Equation3-6

The abovesquationsuggest that the product of gas flow rate and
cumulative gas production should remain constant during theteamlyient period.
Since the value offhas been shown to remain constant for constangas
production under a linear flow regime during early transient period, the vatue of

may be calculated directly:as

W .. n 00
% 60 Q'Q n—_
ON7 Equation3-7
(W canbe expressed in terms Gfas:
Y
(M(A) 0 MTH M(')_' Equat|0n3'8

As stated in last section, ti#ic value will be used in our proposed BDF

prediction.A correctéWd ratio can be calculateds comparison when reservoir

properties are known
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¢'v "Q %o W NQ Equation3-9

| tooka numerically generated case based on inputs as an example (seeTjalls 3
shown in Figure 3!, during the early transient period, the product of flow rate and the
cumulative is constant at 5.95e14. Using Equati@ntBe characterization rati/®

is found to be 531e9. The correcty/I® ratio calculéed by Equation-® is 5.328€9.

It was found that, the proposed rdime analysis method successfully estimaize

with a very small error in thisypothetical numericatlase. More case studiedivioie

presented in Chapter 4 to further validate #pproach

x10™ '
8 - -
7 - -
6 Constant value = 5.95e14
N
®©
o
o 5¢
Y
o
&2
0.4 -
O
3
o 3T
2 -
1k i
0 1 1 1
10° 10" 102 103 10*

Time(days)

Figure3-4 Proposed method of early retime analysis (Example Case)
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3.4 Development of BDF prediction

Vardcharragosad®ds theconstand ngas sslttiondogthei nv o | v

classical linear flow system for both the early transient period and the boundary
dominated period as well as rdime analysis of earlyransient flow data. Ireaity,
theprecise reservoir propertiase normallyunknown In this sectionl will describe
how to use early production data to predict boundmmyinatedlow behavior

without detailedreservoir properties.

Two procedures are usedrtakethe prediction:

1. Determire the characteristic raticyIcdqT his could be accomplished by

ratetime analysis of early data, as showrsection 3.3.

2. Find the end of the linear transient peridthis could be accomplished

by eitherof the following two methods:

a. Usingtheend of half slope method@heplot of gas flow rate
N vs.tin loglog scale should yield a negative half slope.
Integration ofN  with respect td estimates theumulative
production The result i plot of' vs. tin loglog scalewith a

positive half slope.

b. CombineN and' : Determine the transition time when the
product ofN and' deviates from constant, as shown in

Section 3.3.

Once the characteristic ratii®d andd aredeterminedthese two values can

be used as inputs to do the BDF prediction usindath@ving proposed method®ur
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BDF prediction for linear gas flow is based on rescglemukerakolution. The rescad

generalkolution for gas is expressed as

d B Qoneo Equation3-10

Replacing the dimensionless decline flow rate and the decline time by the real flow

rate and time values,

Equation3-11

Using theradius of investigatiosoncept:

v .. 8
. . D
l 0O DT Equation3-12

From Equation 21 and Equation-B we gethe expression for X and Y. Substituting

X, Y andi into Equation3-12:

o~ P . E
d TO 0T Equation3-13

- T p p
i —— —
0 wWw

Os

Pressuralependent variabledand lare calculated based on reservoir average density and

it is calculated from the overall material balance statement:

— P Fo0o0 Equation3-14

Equation3-15
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Therefore, flow rate calculated frofguation3-6 is our predictiorior the

BDF behavior when Equatid14is used to evaluate reservoir average pressure and
calculate_fandf [ The propose®DF predictionmethodonly requires knowledge of

gas specific gravity, reservoir temperature, initial reservoir pressuréanaonded
bottomhole floving pressurewhich ae normally available to the operatdfalues of
permeability, reservoir outer bounddogation half fracture length, and reservoir

thickness are not required.

Asdemonstrated in the precedisection _fandf larepressuredependent

variables. Irorder to accurate evaluate land | thematerial balancevas usedo
obtain reservoir average pressure. In this ideal linear flow system where fractures
extend tahereservoir boundarieas depicted ifrigure 22, the OGIP can be

estimatedis

. .‘O.,OTT(b"f%b
v v 0 Equation3-16

OGIP carbe expressed in terms dfand@®, the deviation of OGIP estimation is shown

in Appendix C

LT 1 0 ¢t

0 "000— wI/IGT 5 Equation3-17

Based ortherecommendatianof Nobakht and Clarkson (2012a), the use
of a Crvalueof 2.554is reasonable while calculating tR©I for a classical linear
flow system with constarit . The OGIPthuscalculated is used for density
calculatio® as shown irthematerial balance statemesxpressed biquation 384.

To validate the proposed BDF prediction method, a case staslynvestigatedith
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theinputs shown in Table 4. Fluid propertiesn this casestudy and all numerical

studies in this thesare calculated using Lee et al (1966) for gas viscosity, Dranchuk

and AbouKassem (1975) for Zactor, AbouKassem et al (1990) far .

Figure 35 shows that our proposed BDF prediction method cluliglmatch

Vardcharragosadods gas BDF model using the

101: T T T T T T T T T T

= Rescaled General Solution

== = = BDF Prediction(Rescaled General Solution)
BDF Prediction(LTA Sol. w/ MB Adj)

102

Figure3-5Compari son of Vardcharragosadodos ¢
BDF prediction

TheBDF prediction based amscaédLTA solutionfor gas is expressed:as

Qon LT b

9 PP
6 0 IR 60 Equation3-18

r’] = {3

TheBDF prediction based amrscaédLTA solution for gas is expressed as
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N N - — —00n ———1b6 Equation3-19

From comparison of all the solutions, other than the rescaled general solution, the
hybrid approach that implements the LTA solution but with material balance

adjustment to calculatdandi lgave a relatively accurate forecasting as well,

Example of BDFprediction:

In this examplenumerically generated data for linear flow conditions is based on

inputs shown in Table-3.
Step 1:_ calculation

Since_value only depends on initial reservoir pressure and imposed buttomhole
pressure and remains constant during early transient flow, one could obtain this value

by employing Vardcharragosadlddntlgsas model

example study, is calculated to be 0.731.
Step2: Early data analysis:

Ploty 30 vs. t as shown in Figure® The product remains a constant value of 5.95e14
before reaching BDF windov@/i® is calculatedo be5.32E09 using this constant valusnd
the_ value calculated from stepusingEquation 36 and Equation-3. Compared tohe

correct9Vid value- 5.33E9, which is calculated from the definition of theultipliers X and

Y, the proposed data analysis shows high accuracy.
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Figure3-6 Plot ofy OO vs. ti Example case

Step3: Transition timedetermination

a. If production data after BDF window is available, same plot could be used
identify 0 . In this example study, as shown in Figuré, 3he product of

N and’O starts to deviate from constant value at around 1000 days.

b. If production datafter BDF window is not available, the angdws filling

back procedure is used to determineThe analogous fillindpack
procedure will require the knowledge of or one of the following sets of
reservoir propertiest) 'Q %o @ 2) h,"Q Calculate pressure profile using
Equation 35 at differentd . For efficiency, use program to find the time

when area A and area B equals. The plois found is shown in Figure-3
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7. In this example case, is found to bet.2 Using available reservoir

propertieso is calculated to be 1102 days.

5500
A
5000 F é{j 2000 psi (initial pressure)
-
-
;’ﬁl » 4650 psi (93%of initial pressure)
2 as00F  / }
] /B
=3
w
0 /
o ez o |
@ 40001
3500 ]
[ Tep
3000 */ . : :
0 5 10 15 20 25

Figure 3-7 Analogous filling back procedure

Step4: OGIP calculation

OGIP is calculated using/i®ando determined from Step 2 and 3 as:

T
v OOUmT O_ Equation3—20

As mentioned in Step 1, error &k determination in this sample study is very small. The
error of OGIP determinatiolargelyresultsfrom error ofo . In Table 32 we compare
differences from using end of half slope and using the hybrid mdtisaog end of

half slope )  plot) significantly underestimates whereas usingO plot significant
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overestimate® and both causes big error in OGi&culation. The hybrid method and

analogous fillingback procedure show great advantage overs the traditional end of half slope
method. In next Chapter, | will further test the accuracy of proposeéétermination

techniques with more case studies.

Eample study
End of half slope qgsc| End of half slope Gp Hybrid method q4s¢ * Gp Analogous FB Procedure
te -33.41% 90.25% -4.87% 4.80%
OGIP -18.28% 38.13% -2.32% 2.52%

Table3-2 Comparison of errorexample study

Step5: BDF gas rate forecasting

Use the proposed BDF prediction solution as shown in Equatiéht8
forecast BDF behavior. The detailed procedure is shown in Appendix D. The result of
BDF prediction is shown in Figure& With smaller errors itwo proposedo
determination techniges, the BDF gas rate is well predictés expected, end of
half slope method cause big error®irdetermination, thus resultsaocurate BDF

gas rate prediction.
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Figure3-8 BDF gas rate predictionexample study

This chapter firstly showapproaches to get moaecurate estimations of
0 . Using the product aj and"O, errors from two end of half slope methods could
be cancelled out and the accuracgstimatians of 6 has been significantly
improved. The analogous fillingack procedure also provides more accurate result
compared to end of half slope. An accur@#g ratio could be determined using the
constant value of the productipf and"O8Using 6 anddWi®, | am able to make
BDF prediction without knowing detailed reservoir properties. Also, OGIP could

directly calculated using these two values.
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CHAPTER 4 - Case Studes

In this section, a mix of 64 synthetic cases and 3 field cas@svastigated
to test the validity of the proposed methodology. For 64 synthetic respreaiuction
profiles commercial softwarpackageCMG-IMAX® was used to generate numerical
production data. All the synthetic reservoirs were generated basetiblinear
system wih homogeneous and isotropic reservoir properidsvere discretized
using a logarithmic grid size distribution fraimewell bore location to the reservoir
boundary. The reservoir is drained by a fully penetrating, wklted at its centemd
produes under constant bottoiimole pressure specification. The inpiar the 64
synthetic cases are shown in Tablé. More detailed input specificatieare
presentedn Appendix A.To further test the applicability of the methodology, 3 field
based case died Coapa A well, Dakota well A, and €4 welld will alsobe

presentedhn this chapter

Input Value
Pi(psi) 5000, 4000
Pwf(psi) 3220, 1810
T(F) 290
sg 0.717
Porosity 0.15
k (md) 0.05, 0.01
Thickness (ft) 92
XF(ft) 392.7, 200
re(ft) 2000, 500

Table4-1 Input of 64 numerical case study
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4.1 Numerical cases

Firstly, the transition times determined by the produdi of and"O and the filling

back procedure for all 64 synthetic reservoirs are compared with the actual transition

times calculated inversely.
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Figure4-1 Error of determination ofgusingthe product ofg yandq_
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Figure4-2 Error of determination ofgusing analogous fillingpack procedure

As shown in Figurd-1, the error associated with determination

technique based on the prodo€ty and™O ranges betwee.87% and13.94%,
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which shows great advantage over the traditional end of half slope method. As shown

in Figure4-2, the error associated with the correspondmgj@gas filling-back
procedurganges betweetl5.87% and 18.9%. The original filling-back procedure is
developed for water imbibition. The big errors of fillkbgck procedure results from

the nonlinearities of gas flow system.

The error associated with th®R method proposed to determine the

characterization ratiGi® is shown in Figure 8. Note that this densityased PDA
method is very accurate; the errors corresponding to all the 64 cases is 1686 than

and ranging from0.17% and 2.78%.
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Figure4-3 Error of PDA of determination oti/=

OGIP estimation is of great importance in BDF prediction. The error of
OGIP estimation is associated withand W/ determination. The errors associated
with OGIPestimation is shown in Figure4l As expected, the accuracy of OGIP

determination based on the analogous filbagk procedure depends essentially on
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the pressure arising fronhanging gas properties while using the product of

AT 'B®;the erro associated with OGIP is generally underestimated within a

small range.
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Figure4-4 Errors of OGIP Estimation

By the determined , GV, together with OGIP calculated, BDF prediction
could be made. FigureBand Figure 4 shows a sample study using input shown in
Table 31. Error analysis begins at the BDF window and ends when flow rate is less
than economic flow rate, which is set as @Pthe initial gas flow rate As we could
notice, the predicted gas flow rate has very small error with numerically generated
production data, and the errors keep accumulating over fifierent methods of
determiningd are tested in this examplaudly. The biggest errors occur at the end of

the production, which is less than 1@&ing both analogous fillirgack procedure
and the product af  and’O. This indicates with good estimationsmfnd A,

the proposed BDF prediction genea relatively reliable resultslowever, while
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using the traditional end of half slope method, the BDF prediction yields huge errors

due to using inaccurate values.
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Figure4-5 BDF prediction otthe example study(Flow rate)
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Figure4-6 Error of BDF prediction of a sample study

It is worth noting that the predicted gas flow rate has very small error with
numerically generated production data, and the errors keep accumulating over time.
The small errofollows from the good estimates @fand ¢ that the proposed BDF
predicion has generated relatively more reliable nssifiowever, while using
traditional end of half slope method, huge errors are introduced due to the inaccurate
0 determinationMean square errstthrough the production life for all 64 cases
shown in Figure 4. It could be noticed that in overall using the product ofand

"0 makes a better prediction through in several cases using filling back procedure generates a

lower error.
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Figure4-7 Mean squared errors of BDF Prediction of 64 Numerical Cases

4.1.1. Detailed Analysis of Synthetic Case Studies

NumericalCase A

Production datare generated using numerical simulator for analysis
purpose as shown in Figureé84 From the ploto is found to be around 5000 days
easily when the product §f and"O starts to deviate from the horizontal liGa/1c
is calculated to 1.187@ using the identified constant value 3.6€ll4e analogous
filling -back procedure, as shown in Fig4F9, shows whew 3.3741 areas of A
and B region are the same. The dimensionless time can be transformedfiptot
of reservoir properties is known, as has bgesentedn section 3.2. Using the
inputs valuep is calculated to be 442fays.OGIP can becalculatecexplicitly using

the obtained anddyi® values. Errors ofd and OGIP from using end of half slope,
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n 00 method and analogous filliAgack procedurare shown in Table-3. BDF

forecasting based on the obtairedndAd® is shown in Figure-40.

Input Value
Pi(psi) 5000
Pwf(psi) 1810
T(F) 290
sg 0.717
Porosity 0.15
k (md) 0.01
Thickness (ft) 92
Xf(ft) 392.7
re(ft) 2000

Table4-2 Inputs of Numerical case

Figure4-8 PDA - NumericalCase A











































































