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ABSTRACT

Production performance of unconventional reservoirs is affected by the couptadtiate
between fluid depressurization and rock deformafldv@se reservoirs consist ofretrix, macre
and micrefracturesof which accurate representation of thisal-porositysystem isneeded to
model fluid flow. The governing equatiorier fluid flow transportand rockdeformation depend
ontheeffects of elastic rock properties and strdspendent rock parametetsch as porosity and
permeability Thus,there is a need for determining proper rock frame modulus affected by the
interconnected fractureSimilarly, there is a need for knowing rock matrix modulus for modeling
thelong-term production performance of unconventional shale reservoirs.

This dissertation presents a new formulation for a numerical model thatsutihizar
poroelastic theory and thrgdhaseflow in the dualporosity setting. Changes in pore pressure
during production causes decrease in porosity, permeability, and reduction in the pore volume
which, in turn, is reflected by an increase in pore compressibildyever, most of the coupled
geomechanics and flow simulation maessume constanpore compressibilityin their
formulations andnclude only theupdated porosity angermeabilityvalues The new model
presented in this dissertatiaddressethis issueand include the changes in pore compressibility
with updated porosy and permeability

The numerical model giscretized using finite difference approach with Implicit Pressure
and Explicit Saturation(IMPES) in the Hilerian stationary coordinate frameowever, rock
deformation is accounted in each cellaisedo calculate the corregiorosity values.

To use the model in applicatigra integrated reservoir characterization of Niobrara shale
formation is performed usingnmicroseismic, core, welllog, fluid properties, and the
production/pressure datahich areprovided by Reservoir Characterization Project (RCP) and
Anadarko Petroleum Corporatioithe resultsfrom production analysis using rate transient,
decline curve, and an analytical hydraulic fracture propagatiodel for each welare usedas
input parameters forthe simulation model.The reservoir model provides an accurate
representation of driving mechanisms and its applications to-teyng production trend.
Moreover, the effect of elastic rock properties, such as bulk rock modulustesed/oir

heterogeneity on reservoir performam@vestigated



The results shoadthat higher cumulative hydrocarbon production is obtaihgte bulk
rock modulus of the duadontinua system hassmaller valuelt is also observethat the energy
provided by the reservoir compaction increases cumulative fluid produ@rmhnumerical
simulation models thathave constant compressibility values in their transport equations

underestimatéhe cumulative production.
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CHAPTER 1 INTRODUCTION

This dissertatiopresentseservoircharacterization angrodudion performance analysis
of Niobrarashale reservoir usirgnewly formulatedcoupledgeomechaias and fluidflow model
The researcis sponsoredby theReservoir Characterization Project (RGP xollaboration with
Anadarko Rtroleum Corporation (APC). The research integrates seismic, petrophasd
production data in the novel in-house simulation model to determine the impact of rock
deformationon reservoir performance in Wishbone sectionwhat follows,| will present the

details of theobjectives and research contributions.

1.1 Motivation

Niobrara formation is one of the productive horizons in the Wattenberg Field, wshich
locatedin the Colorado portion of the Denv@asin. The Wishbone section is tin@instudy area
of this work with hydrauliclly fractured horizontal wellsThese areurrently producing from
Niobrara and Codell formationghe aim of current phase in this integrated radiciplinary
project is to dynamically characterize the Niobrara shale resebyoiusing timelapse 9
component seismic survey, microseismic, carg) log, and production/pressure data.

Longterm production performance of unconventional reservoirs is affected by the
interaction between fluid depressurization and raormation. The motivation of this
dissertation i$o0 accurately represent the compiegervoirsystemsandassess the effect of rock
elastic properties omwell performance in shale reservoirs using a ghwabsity, multiphase

coupledgeomechanigsimulation model.

1.2 Objectives

The objective of this thesis is ttevelopa reservoir modelhich addressethe dynamic
behavior of the unconventional reservatging productionThe unconventional shale reservoirs
consist ofamatrix, macre and micrefractures and hydraulic fracture3o account for the micro
fractures and the matrix media, a dpalrosity threephasenumerical modelwhich took into
account the matrikracture deformation with timeyas developd The nodelutilized the linear
poroelastic theory (Biot 1941r) mass transport equation to account for rock mechanical and fluid

flow conceptsResultsfrom coupledgeomechanicemodel demonstratetierelatiorshipbetween



elastic properties and stredspendent rock parameters such as porosity, and gatityean
reservoir performancé.he results alsdefinedthe impact of factors to improve the accuracy of
theforecastProduction decline trends could be assessgdmore confidence using the theory in
the proposed moddbr multistage hydraulically fractured horizontal welis unconventional

reservoirs

1.3 Research Contributions

In this research, a nemathematicaformulation to account for the rock deformation in a
dualporosity multiphase systerwas built the additional energy provided by the compaction
drive using the evechanging pore compressibilities for both fracture and matrix med=
assessed his model provides a new insight for understanding the underlying physics of the rock
deformation and fluid flow in unconventional shale reservoirs. Also, the nuagélrel the
reservoirheterogenigéies and the effects of rock elastic properties on production performance.

1.4  Thesis Organization

This thesis has seven chapters. Chapter 2 presents an overview of the reservoir
characterization of Niobrara formation. Chapter 3 presents the analyszdotiion data using
rate transient and decline curve analySisapter 4presents @ analytical formulation developed
for hydraulic fracturepropagatiormodeling;tracer and DFIT analysi®r extensivehydraulic
fracture analysisChapter 5 presents thaulti-phasenumericaimodelfor poroelastic duaporosity
medium. Chapter 6 presents the verification and implementation of the new model. Chapter 7 i

conclusons and recommendations of the dissertation.



CHAPTER 2 RESERVOIR CHARACTERIZATION

Characterization of unconventional shale reservoirs is an integratedvdtedy we need
to acquire and combine data from diffearesources. These dataclude geological and
petrophysical information from the study area, seismic and microseismieysuand daily
productiorpressuralata from the horizontal wells.

This chapter begins by presenting the (1) geology of the Wattenberg Fieltratigdagphy
of Niobrara and Codell formations (2) details of the study area, (3) and the listlabkvaeld
data. The results of (4) core analysis and (5) fluid propetesso presenteih this chapter.

2.1 Geology of Wattenberg Field

DenverBasin is one of the largest basins in the Bddountain areait comprises 70,000
square miles in eastern Colorado, southeastern Wyoming, and southwesterkad\Eyase 2-
1). It is an asymmetripost-depositionastructural basin with its axis paralleling and adjacent to
the Front Range of Colorado and the Laramie Range of Wyomingdédpespart of the basin
is between Denver and Cheyenne with more than 13,000 feetlmhentary sequence (Clayton
and Swetland 1980).
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Figure2-1: Regional &tent of Denver Basin (Arbogast et al. 2002).



Before LateCretaceousthe Denver Basin was occupied by the Western Interior Seaway
(WIS) which at maximum development extended ftbmArctic Ocean to Gulf of Mexico (Figre
2-2), a distance of more than 3,000esiand was over 1,000 fesfrom east to west (Kauffman
1977).The Late Cretaceous to Early Eocene-465Ma) Laramide Orogeny portioned tlaege
Western Interior Basi{WIB) into smaller basins including Denver, Piceance, and Powder River
Basins (O’Neal 2015).

Carbonate
Deposition

Present Day
‘Wattenberg Field

\
Stable
Platforms

. Gl o -
! ] | e o -

Late Cretuceuus‘_ cur . { m
(85 Ma) ° & . 4 e, A

Figure2-2 Western Interior Seaway during Late Cretaceous. Modified from Rohedt
Kirschbaum (1995).

Cretaceous rocks of thé&/IB consist primarily of shale, siltstone, and sandstdiee
regionalstratigraphic crossectionin Figure 2-3 showshe facies relations across the central part
of WIB (Molenaar and Rice 1988), where we can observe the hydrocarbon bearing zones
investigated in this study; Niobrafaormation and Carlile Formation (cdains the Codell

Sandstone).
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Figure2-3: Stratigraphic cross section of Cretaceous rocks from central Utah to stethea
Colorado (Molenaar and Rice 1988).

Wattenberd-ield is locatedn the Denver Basibetween Denver and Greeley. It is one of
the largesfields in the Rockiesn terms oftotal proved reserves, arealtert and the number of
wells drilled. Discoveretéh 1970, it is still one of the most active fieldstie US. Developments
in horizontalwell technology and mukstage hydraulically fracturing techniques provide the
continuous increase ithe production of oil, gasnd gascondensateThe sudy areais located
approximately 35 miles northeast of Denver, CO ({Feg24) (RCP 2017).
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Figure2-4: Wattenberg Field. The study arnsaoutlinedin red.
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Niobrara Formatiorconsistsof chalk units withintervening marl intervals. The average
thickness of the NiobrarBormationis approximately 300 ftB and CChalks are therimary
targets of horizontal drilling by operators in the figfigure 25) (Sonnenberg 2015). The Codell
Sandstone which ig the upper section of the Carlile Formation is a gray, -fiesrgrained
bioturbated marine shelf sandstone wamaximumthickness of 28 ft. (Weimer et al. 1986).
Stratigraphic column of the Denver Basin with details of the formations in thig #fustrating

the multiple payss shownin Figure2-5.
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Figure2-5: Stratigraphiccolumn for the Wattenberg area.

Well log information is available from vertical wells within the Wattenberg area and
horizontal wells in the Wishbone section. Figuré 8 an example type log from the Wattenberg
area with gammaay, resistivity, compressional and shear sonic velocitiesh Hegistivity
intervals indicate BChalk, C Chalk, and Codell intervals (RCP 2017).
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Figure2-6: Type log from a vertical well in Wattenberg study area (RCP 2017)

2.2 Study Area

Wishbone section is themain study area of this work with hydraulically fractured
horizontal wells. This section, which is currently producing from Niobrara and IGodwrhtions,
is investigated by the Reservoir Characterization Project (RCP), in coojunath Anadarko
Petroleum Corporation. The area of interest is a fifty square mile area Wattenberdrield,

outlined by the regional seismic survey in Figure 2-7 (Brugioni 2017).

Legend

Core Well 2 :'nl:s l\y’lrnrn
egional
® 2l
Anatoli
‘Turkey Shoot

Core Well 1
@

Wishbone

@ Core Well 3

L O]
—

Core Well 4

6 miles ® +

Figure2-7: Regional seismic survey outlined in red with the Wishbone section outlined in black.
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The Wishbone section contains 11 multistage hydraulifratyurehorizontal wells, seven
in the Niobrara Formation and four in the Codell Formation. Lateral spacing for tlzerital
wells in the Niobrara section decreases as we move from East to Weshgadrom 600 to 1200
ft, Figure2-8 shows the layout of the horizontal wells within the Wishbone section (RCP 2017).

: ! B Chalk
@ 600" 600" 600" 900" 1200'

Figure2-8 Wishbone Section seven Niobrara and four Codell horizontal wells. Zigueat
wells 7N, 9N, and 8C (modified from RCP 2017).

2.3 Available Dataset

The field data available for this project is provided by Anadat&oReservoir
Characterization Project (RCP) for Phases XV and XVI. There are three saiswagsswhich
are outlinedn Figure 2-7 (3D Regional Survey, 3D/3C Anatoli Survey, aimde-lapse(4D)/9C
Turkey Shoot). Theéime-lapsesurvey area at Turkey Shoalso contains the Wishbone section
where we have all daily production and pressure data from 11 horizontal Agklisonally, we
have tracer data, surface array microseismic, and core samples from neachy welts, FMI
image logs from horizontal We in Wishbone section, and wireline logs that includes dipole sonic

for rockmechanical properties.

2.4 Core Data Analysis

The performancef shale reservoirs controlledby bothfractures (induced and natural)
and matrix.To characterize theck matrix parameters, several experiments sucbassResearch
Institute GRI) crushed core analysiSlercury Injection Capillary Rssure (MICPandunsteady

state pressure decay permeameter were perfobyeding the core samples from the study .area
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2.4.1 GRI Crushed Core Analysis

In this method the bulk density values were determined using intact samples, #tlen sm
(0.50.85 mm diameter) samples are used to eliminate sampling induced fractate®t(&l.
2015). Pore liquid is removed and qtibed by distillation extraction, thedry-grain volume
determination provides the porosity, grain density, and sat@ations The measured porosity
values for each facies using GRI crushed core analysis was taboldedule2-1 (Kamruzzaman
2015).

Table2-1: Porosity obtained from GRI crushed core analysis for Niobrara formation

Facies 1%
A Marl 8.0
B Chalk 10.7
B Marl 7.5
C Chalk 9.5
C Marl 7.7
D Chalk 5.3

2.4.2 MICP Measurements

To analyze the capillary pressure behavior of low permeability rocks, we megdttay
equipment that can apply high pressures up to 6(@8i@0in this method, the volume of mercury
injected is recordedntil 100% mercury saturation iskaeved, then we plot pressure vs. mercury
saturation for each pressure increment (Fige®g RIICP measurementgebasedn the behavior
of a nonwetting liquidvhichis floodedinto a porous rock, whictvas first described by E. W.
Washburn (Wahburn1921). Mercurydoes not wet most substances dwad to be forced to
penetrate pores as it will not to do so by capillary action (Webb and Or). 1997

Measurementgare performedon dried core (chipsamples, and in thisork, twelve
samples from Niobraréormation were used to conduct MICP measurembyta commercial
laboratoryLower pressure values in Figur®are the samples from B Chalkisindicates bigger
pore throat size and higher porosity and permeability than the other Niobrarass@ridi1, B
Marl, C Chalk, C MarlandD Chalk) On the other hand, the rest of the ten samples with such a
high entry pressure indicatemall porethroat size.
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Figure2-9: Niobrara formation MICP curveslote that the MICP for the B Chalk sampless
lower numerical values.

Thepore size distribution is obtainég calculating the changes in the slope of cumulative
volume intrusion versus pore throat diameter. The shape of the incremental matatagion
versus pore throat radius on adog plot provides the overview of porosity distribution. The
average pore diameter is determined based on the highest peak from the plots ofepore siz

distributions.
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Figure2-10. MICP pore size distribution of twelve Niobrara samples. B Chalk samples have
higher pore throat radii compared to others.
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For Niobrara samples, two sets of pore throat radius were identified (Fide Z'he
UDGLXV IRU % FKDON FRUH VDPSOHV YDULHRWHRREBsSYADPS® W
Marl, B Marl, C Chalk, C Marl, and D Chalki) changesrom 0.0046 P WR P 7KH
DYHUDJH VPDOOHU SRUH WKUR anwdtiattpZhedggerpDry tHoodtRadi@sG
ZDV P

The matrix permeability can be calculatesing KozenyCarman equation (Equatidil)

which usegore gemetry, tortuosity, and posity.

2
/
k 103%—,/ (2-1)

Tortuosityis definedas theratio of the length of the tortuous flow path to gteaightline
length in the direction of flonGlennell1997, itis calculatedy using Equation-2 (Pirson1959.

W (2-2)

Where m is cementation factprthe value of m changes mainly with the degree of
consoidation of the rockfor highly cemented rocks the value of m is aroRriiKazemi2015).
The matrix permeability was calculated usingi&tipn2-1 with input parameters from the MICP
results for the two matrix pore throat sizes and assuming the cementatiom$aZ®r The matrix
permeability for Niobrara samplegas calculated as .26E-3 mdand 3.14E6 md using 10%
porosity and 6% porosity (Kamruzzaman 2015) for thgger and smaller pore throats

respectively.

2.4.3 Unsteady State Pressure Decay Permeameter
The CMS300 apparatus, in the Petroleum Engineerimpddtment, is useto measure
effective permeabilityvalues. TheCMS-300 is an automated core me@snent system that

measureporosity and permeability akservoir rock samples at each confining stress QDAQ).

A Niobraracore sample fronthe BMarl was used in the CMS00to measure matrix
permeability of the coreThemeasurednatrix permeabilityof the core at net confining stress of
2,500 psiayas 10* to 10 md shown inFigure 211.
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Figure2-11: B Marl matrix permeability hysteresis for different confining pressatees.

The matrix permeability measured frotime pressure analysis of the Core Measuring
System (CMS300) is four orders of magnitudegher than the matrix permeability calcuthte
from the MICP poresize distribution The difference between these twaluesis the presence of
natural fractures (GBcan imageFigure 2-12). The macrofractures embedded in the matrix
increased the permeability measurement using GBBwhereas the MICP measurements were
conducted using the crushed core sampleseforedid not include thesmacrofractures

Figure2-12 B Marl CT-scan image with macsvactures indicated.
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2.5 PVT Data Analysis

Oil and gas samples were collected from separator from the wells in Weshecton to
characterize the fluid properties. Then in thboratories, the samples were recombined in a
pressurevolumetemperature (PVT) cell using representative separator conditions (prodasing
liquid conditions of 1537 SCF/STB). Several PVT tests such as differentiatidoerconstant
composition expansion, and saturates, aromatics, resins, and asphaltenesw8rRdnducted

The Niobrara and Codell formations are over presstinedarea has positive temperature
anomaly, having temperature gradients up to°RA.000 ft. in high GOR areas. Reservoir
temperature is 24%, andreservoir pressure is 45@8ia The phase envelope of the fluid system
with the constant liquid volume % at the reservoir condition is shiowhigure 2-13 The
saturation pressure at regar temperature is 3729 psia.

N \\
N
[

I\

Figure2-13 Phase envelope for Wishbone section.

The composition of the reservoir fluid (Talde?) constitutes mainly methane (@QHand
ethane (GHe). Nearly 60% of thanolar composition is CiHand GHe which is characteristic of
oil production from shale formations and the reason for having low oil visqésgyre 2-16).

There is no KIS component and nearly 1.6 mole % of.CO
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Table2-2 Reservoir fluid molar composition

Component Mole % Component Mole %
N2 0.249 C16 0.562
CO 1571 C17 0.496
H2S 0.000 Ci18 0.480
C1 49.094 C19 0.424
C2 11.566 C20 0.321
C3 6.724 c21 0.281
iC4 1.124 C22 0.254
nC4 3.248 Cc23 0.222
iC5 1.239 C24 0.196
nC5 1.898 C25 0.172
C6 2.333 C26 0.158
C7 3.209 c27 0.139
Cs8 3.506 C28 0.119
C9 2.492 C29 0.109
Ci10 2.002 C30+ 0.805
Ci11 1.361
Ci12 1.064 C30+ Mol. Wt. 509.84
C13 1.004 C30+ Sp. Gr. 0.922
Ci4 0.838
C15 0.738

The high solutiorgasoil ratio (R,,) above bubble point pressure obtained from Niobrara

fluid samples are around 1882 SCF/JHgyure2-14) and it declines as gas comes out of solution
below bubble point pressure (3729 psia
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Figure2-14 Solution GOR from PVT analysis.
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Because of the fluid's high dissolved gas content, higboaipressibility (Figure -45),
low fluid viscosities (Figure-46) and low fluid densities (Figure1B) assist the depletion drive

production. The formation volume factor for bothand gas are also shownFigure2-17.
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Figure2-15 Oil compressibility and gas compressibility factor from PVT analysis.
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Figure2-16 Oil and gas viscosities from PVT analysis.
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Figure2-17: Formation volume factor for oil (Bo) and gas (Bg) from PVT analysis.

0.8 0.25

0.7 +

+ 0.20

4
o

4
«n

+ 015

+ 0.10

Oil density (g/cm3)

Gas density (g/cm?3)

+ 0.05

(=3
=

=]

+ + + + + + t 0.00
0 1000 2000 3000 4000 5000 6000 7000 8000

Pressure (psia)

Figure2-18 Fluid densities from PVT analysis.

The saturates, aromatic, resin, and asphaltenes (SARA) analysis was alsoquetfor
investigate the existence of asphaltenes in the crude oil. The SARA anatgsipravides
information about rough sorting of the crude oil constituents as well as ldm&ypof crude oil
(Mullins et al.2007). There are twprimary SARA screening criteria: colloidal instability (ClI)
and cross plot of saturates/aromatics versus asphaltene/resins. AsomaningkamsbW/g00)
defined the CII as the ratio of unfavoralftactions which are asphaltene and saturateshe
favorable fractionswhich are resins and aromatidkthis ratio isgreaterthan one, this implies
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the asphaltenes are likely to be unstable. Stankiewicz(@08R) proposed to cross plot theica
of saturates/aromatics to the ratio of asphaltene/resins. Low ratio ddltaggiresins is an
indication of good colloidal stabilization.

The SARA fration datais tabulatedn Table2-3. The SARA performed for Niobrara

sample shows that theieeno asphaltene precipitation.

Table2-3: Wishbone SARA nalysis

Result Unit
Saturates  79.83 wt. %
Aromatics 15.34 wt. %
Resins 4.83 wt. %
Asphaltenes  0.00 wt. %

The cross plot of the ratio shturates/aromatics to tregio of asphaltene/resins (Figure 2

19) shows that the Niobrara oil is stable.
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Figure2-19 SARA cross plot stabilitycseen.
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The total acid number and water content, which iameortantfor potential corrosion
problems, are also analyzed (TaBtd), and the results indicate that the risk of corrosion ig ve

low.

Table2-4: Summary of liquid properties inpeline

Test Method Result Unit
Total Acid Number ASTM D 664 <0.05 mg KOH/g
Water Content ASTM D 4377 0.08 wt. %
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CHAPTER 3 PRODUCTION DATA ANALYSIS

The production behavior of wells from unconventional resenmirsidesinsight to the
transport mechanisms that affect well performance, reservoir characseasiil the factors
affecting the productiom suchcomplex systems. Thereforen the analys of the production
mechanisnior theWishbone sectigrthedaily productionand pressurdatafrom all the wells in
this areavereinvestigaéd. The section consisted of eleven wells, of wegrerwere completed
in the Niobrardormation and fourwerecompletedn the Codell formationandeach wellwas
stimulatedwith a large number of hydraulic fracture stages. This chapter preseualuationof
production performance of individual wells and provides information about stimulation and

completion data.

This chapter includes (1) daily production data analysis, (2) pludtse rate transient
analysis, and (3) decline curve analysis. The prodaatata analysis wilbe integratedavith the

simulation resultsvhich will be shown in Chapter 6.

3.1 Production Profile Overview

There are eleven horizontal wells in the Wishbone section of Wattenberg fiedd. A
hydraulically stimulating the wellsgll the wellswere put on production in September 2013t
these eleven wells, four of them (Wa€, Well 5C, Well8C, and Welll0C) produce from Codell
formation and seven of them (Well 1N, Well 2N, Well 4N, Well 6N, Well 7N, Well 9N, anil We
11N) produce from Niobrara formatigRrigure2-8).

Multi-stage completions faenof thewells includel sliding sleeve techniquendonewell
included plugandperf technigueln thesliding sleeve technique, the sleeves are run as part of the
casing string and activated by pumping down b@kstand Surjaatmadj®016). Plug and perf
stimulation technique relies on teequentiapumpdown conveyance and placement of plugs to
temporarily isolate sections of the well to be hydraulically fractured (Avilak 2015).

The commonly used technique to create more fractures with less fracturinggspacin
multi-stage is zipper fractung. Zipperfrac technique enables fracturing of adjacent wells in
sequence, i.eany given pair of wells on the same pad is being fractured and hold the fracture
pressure while the adjacemell is being fracturedWhile the second well is beirsgimulated the

net pressure created on the first well can divert the fracture direction anid thirn, increases
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the stimulated reservoir volung8RV) (Belhadi et al. 2011). The three wells (W&N, Well 9N,
and Well 8C) in Wishbone SectigRigure2-8) were stimulatedhn pairs.

To evaluate the pressure and production decfined (oil, gas, and water) rates and
pressure profile were analyzedwias observethatonaverage, pressudeclinal with a pressure
drop of 1000 psi during the first six months and continued with near corsittotn-hole
conditions The oil production was dropped &3-100 BBL/D at the end of orgear production
frominitial production of maximum 400 STB/D after around a montifoefbackperiod. The gas
production started to increase to 1200 MSCH#tierawo-andhalf-months of production where
the pressure dropped beldwe bubble-poinpressure in most of the wells and then steadily
declined to avalue of 300 MSCF/andcontinues as a platealihe water production was high at
initial production due tdlowback period right after the stimulation and declined very rapidly to a
valueof 100 STB/D after one month of productj@mdthe watercut steadily dropped to a valu
around 5-10%fter four years of productiofrar illustrative purposes, the trend of fluid rates and

pressure declinr Well 1Nis presentedh Figure 31.
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Figure3-1: Production and pressure histafWell-1N.

The cumulatie oil and gas production over 1400 days varies across the Wishbone section.
The cumulative oil and gas production for all wells in Wishbone section is shown in Bigure

and Figure3-4, respectively. Most of the weNgere completeavith the same number of hydraulic

20



fracture stages except two wells (Well 9N and Well 10C) which have fewer sthgesfore, the
cumulative oil and gas productiarerenormalized by the stageimber (Figur8-3and Figure3-

5) to compare the pduction performance of individual wells.
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Figure3-2 Cumulative oilproduction for all wells in Wishbone section.
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Figure3-3: Cumulative oil production for all wells in Wishbone section normalized by number
of stages.
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Figure3-4: Cumulative gas production for all wells in Wishbone section.
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Figure3-5: Cumulative gas production for all wells in Wishbone section normalized by number
of stages.

The analysis of cumulative oil and gas gwotion for all eleven wellgid not provide a
distinctive result among the welimdformations.To decipher the production performance trends

gasoil ratio (GOR) for all the wells were plottedigure 3-6 shows the producing GOR of all the
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Niobrara and Codell wells. The wells loedtin the west show higher GOR values which can be
an indication of higher fracture intensity.

50

i g
'
45 - : 3
40
35
o
30 - 1IN
&
E - 9N
Q25
s - 7N
) .
8 6N
15 aN
10 - 2N
<IN
5
0 . ‘ . . . ‘ :
0 200 400 600 800 1000 1200 1400 1600
time (days)
()
50
45
40 - . 2
-
35 o
o
5 30
L .
) - 10C
g 25
= . 8C
& 20
(o]
(C] . 5C
15
. 3C
10
5
0 : . . : . 3 -
0 200 400 600 800 1000 1200 1400 1600

time (days)

(b)

Figure3-6: GOR behavior of horizontal wells in Wishbone section (a) for Niobrara wells and (b)
for Codell wells.
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Microseismic data from V8hbone section (Figured indicates aincrease in thaumber
of microseismic events from east to wéstis increaseexplairs the reason fahe GOR increase
from east to west because of increase in micro and macro fractures which provides arlyase fo
molecules to accumulate and be produced.

Figure3-7: Microseismic events in the Wishbone section wittreasechumber from west to
east (Grechishnikova 2017).

3.2 Decline Curve Analysis

The decline curve analysisas been used to predictetiperformance of oil and gas
reservoirs for both vertical and horizontal wells. Numerous empirical and aahlyithods have
been introducetbr investigating the reservoir performances of unconventional reservoirbeAll t
methods aim to provide an equation for the flow rate decline during reservoir depletienhs
operating conditions remain constant. This analysis will &ksousedfor future production

predictions of individualvell performances.

3.2.1 Decline Curve Analysis Techniques

Decline curve analysis is defined the empirical relation between flow rate and time to
estimate the ultimate recovery for producing wellgps (19439 defined empirical mathematical

relations for the exponential and hyperbolic decline.
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The classical decline equation for the flow ratarat given time is:

1/b

gt g 1 bDt (3-1)

Assuming the existence of boundary-dominated flow regime, Arp provided the relation of
hyperbolic decline for the rate exponent between 0 and.lin Equation 3-1.

For the exponential declirod flow rate, the mathematical descriptisrshownn Equation

3-2 where itis assumedhat rate exponent is zero, ile. O:
q qe™ (3-2)

In shalereservoirapplications of decline curve analysis,ist observedthat the rate
exponent, b generally startsvith a value of 4.0 for few days and declines gradually to a value of
2.0 for several months and approaches tdwevaf zero after around one yeahese relations of
rate exponent are very similar tatetransientanalysis used in unconventional reservaolisus,
observing b=4.@s related to bilinear flow regimé=2.0is related to linear flow regime, ahd0
is related to boundargeminated flow regime (Kazemi et al. 2015).

To forecast théuture production, the decline curve analysis during boundanyinated
flow periodis usedas the basis for the rest for the future production. Finally, the edtiniéteate
recovery (EUR)s definedas the sum of measured cumulative production anedtir@ateddture
production integrating Equatio®+2 from the onset of boundadominated flow regime to any

future time:

Nt Nt g Nt (3-3)

For black oil reservoirs, the SRV can be estimated using the cumulative hjdrocar
production within the SRV for mulstaged unconventional reservoirs during the entire life of the
well (Kazemi et al. 2015):

a

SRy 2P ;3
©

« 34
B, & (3-4)
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It should also be noteithat Equatior8-4 should be used as the hydrocarbon production,
i.e., the cumulative of produced solution gésreservoir pressure drops below bubble point

pressure and the cumulative of oil production.

3.2.2 Decline Curve Analysis in Wishbone

To analyze the well performances, decline curve analysis was perfdonesach
horizontal well in the Wishbone section to investigate the success of hydraatierifng and the
guantity of the stimulated rock volume being produced. By analyzing the production dita of a
the eleven wells, two different flow regimegere icentified; transient flow and boundary
dominated flow After goproximately 20250 days, théorizontal wells reach the boundaand
the production of oil and gas was dominatedi®boundaryFor illustrative purposes only Well
1N is shown herd=igure 3-8 is the flow rate for the total fluid production versus time inltmy
plot for Well 1N. It was observethat around 250 days the fluid production was dominated by the
boundaryj.e., SRV.

10000 -

LINEAR FLOW

1000 4

BOUNDARY-
DOMINATED FLOW

q, RB/D
8

10

1 10 100 1000 10000
time, days

Figure3-8: Rate decline curve analysis for WéN.

To predict the well performance of each wdkcline curve analysis using Arps empirical
formulations was performedfor the boundarndominated flow region. Exponential decline

analysis using Heption 3-2was usedluring this flow period.
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The decline curve analysis for both oil and gas production for Niobrara formation (Well
1N) and Codell formation (WellOC)areshownfrom Figure3-9 to Figure 312. For both wells,
the choke sizes were gradually increasediaround 1000 days, the wells started to produce with
fully open choke (it is denoteas 0 /64" in this study). Therefore, the matching parameters for the
earlytimewasdifferent fromthat of each time when theell conditionswere changed. The results

for each time during boundademinated flow regime is tabulatedTable 31.
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Figure3-9: Decline curve analysis for oil production during boundary dominatedfoWell-
IN.
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Figure3-10 Decline curve analysis for gas production during boundary dominated flow for
Well-1N.
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The declinein Codell wellsis sharper(Figure 3-11 and Figure -32) than that of the
Niobrara wells Figure 3-9 and Figure d0) for both oil and gas productions although similar

operational changesere implementethat is the choke sizes were increased gradually to the same

sizes at same times.
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Figure3-11 Decline curve analysi®r oil production during boundary dominated flow for Well-
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Figure3-12 Decline curve analysis for gas production during boundary dominated flow for
Well-10C.
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The rate exponenb, decreases as the flow reacheshe boundary dominated flow and

eventually reaches to zero (Tabla)3

Table3-1: Decline curve analysigsults during boundary dominatéolw

Well-1IN Well-10C
OIL GAS OIL GAS
Boundary Boundary Boundary Boundary
Early- Late- | Early- Late- | Early- Late- | Early- Late-
time time time time time time time time
D (1/days) | 0.0015 0.0012 | 0.0012 0.0004 | 0.0027 0.0018| 0.0013 0.0008
b 0 0 0 0 0 0 0 0

The analysis of the decline curve indicated that the cumulative oil production during the
transient flowwasnearly as much as that of tharlypartof the boundarndominated flow for the
two wells. The cumulative future oil production for 30 years was predicted using tthiedtise
trend. Itwas observedhat for both of the wells, half of the entire wibs producedduring the

transient flow andhe restvasproduced during the boundary-dominated flow period.

The future oil production for the rest of the life of the well was comparaldythes the
previous oil production (Table 3).

Table3-2 Summary of hydrocarbon production

Well 1N Well 10C
OIL (STB) |GAS (MSCF)| OIL (STB) |GAS (MSCF)

Cumulative production during 45,362 128,496 35,203 123,266

transient flow

it g 67.243 455,080 40,241 465,938

boundary-dominated flow

Feasoenst ity i Tty 25,395 742,694 7,300 313,773

dominated flow

TOTAL 138,000 1,326,270 82,834 902,977
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3.3 Multi -phase Rate Transient Analysis

In unconventional reservoirs, well performances amalyzed using rateormalized
pressure drop due to the exdtranging flow rate anlottom-holepressure values during the well’s
life depending on the operational conditions. The rate-normalized pressure dropsamaigisiis
called Rate Transient Analysis (RTA) provides information about formationeadmifity and

hydraulic fracture conductivity.

3.3.1 RTA Techniques

The rate transient analysis for vertical wells in conventional welksfirst introducedby
Winestock and Colpitts (1965):

1 t a
P 141.2—’: % Int, 0.809 S (3-5)

gt k

The RTA was studied byattenbarger et al. (1998) and Bello and Wattenbarger (2008),
Nobakht and Clarkson (2012), and Tivayanonda (2012) for both unconventional oil and gas
reservoirs, then Kazemi et al. (2015) and Uzun et al. (2@&8ented both the singlend mult
phase flow for multi-stage hydraulically fractured, lepermeability, duaporosity shale
reservoirs. The ratenormalized pressw@rop equations for singleand multiphase flow are

presented in the following two equations, respectively.

1 t §
Pl 4 064 L7 ke 1412”2 s (3-6)
qtB \/kf,eff Ny D Vi G m/ © « P ke

w22 S/8 ‘1o
o, () AN 24 é(@(j 18 141.D,% "o
.. t ————S; (3-7)
Crotar JKier NN Vi I f m© (—(| Kier NNy os
Where,
kf Jeff kf /f km (3-8)
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qtotal t qo t Bo qu t Bg q, t av (3'9)

¢ O, 4 0, (3-10)
MOm o @ g, (3-11)
qtotal(t)

The production data is analyzed using the following procedurg A:

x Diagnostic plot (logog) is used tadentify the follow regimes

x Linear Flow Analysis (LFA) is used to study linear flow regime and calculate formation
permeability if linear flow regime is identified

x Bilinear flow analysis is used to study bilinear flow regime and calculadeablic fractire

conductivity if bilinear flow regime is identified

3.3.2 RTA in Wishbone

The wellperformances of eleven wells in the Wishbone section were studied using multi
phase RTA technique. The mutthase RTA for all the wells were consistent with the decline
curve analysis explained @hapter 3.2.Zuch as two different flow regimes were ntléed;
transient flow and boundagominated flow For illustrative purposes, the mujhase RTA
results for Wel1N and Well-10Gare showrhere.

To identify the flow regimes, diagnostic plot, which is the-rademalized pressure drop
versus time in logog scale, is use(Figure3-13 and Figure-34). The diagnostic plot shows two

flow regimes for both wells: linear flow identified by ¥ slope followed by the bourdiamyinated

flow identified bythe unit slope.
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Figure3-13 Diagnostic plot using mulphase RTA for WellLN.
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Figure3-14 Diagnostic plot using mulphase RTA WeillOC.

Linear flow analysisusing multiphase RTA was then implemented to calculate the
effective formation permeability using Equatidi7. The rate normalized pressure drop versus

square root of timevas plotteduring the linear flow regime&hich wasdentified using diagnostic

plot (Figure 315 and Figure 3-16
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Figure3-15 Linear Flow Analysis plot using mulphase RTA for WellLN.

10.0

8.0 +

6.0 +

4.0 + .

Ap/q,, psi/RB/day

-2.0

Vtime,,/day

Figure3-16 Linear Flow Analysis plot using mulphase RTA for WellLOC.

The slope of the linear flow analysis plot, the completion parameters (tabuldtable 3
3), and the fluid and rock parameters (tabulated in Talleviiere used to calculate the product
of effectiveformation permeability and the mobility.
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Table3-3: Input parameters for LFA

Parameters Well-1N Well-10C Unit

m,, 0.14 0.13 (psi/STB/D/sqrt(day)
Stage count 32 20 -

Y 444 300 ft

K; off ¢ 0.0118 0.079 md/cp

Table3-4: Fluid and rak properties for the Wishbonestion

Parameters Value Unit

B, 2.168 RB/STB
B, 1187 RB/MMSCF
B, 1 RB/STB
Rso 1827 SCF/STB
R 0.165 cp

R 0.02 cp

R 0.5 cp
h 80 ft

/ 0.10 -
G 0.00001 psit

The formation permeability results in Tabl83or both wells indicated that macnaitro
fracturesweresuccessfully createghen the effective formation permeabilit\as comparedith
the measured matrix permeability @hapter 2.4Moreover, thenegative yinterceptvaluesin
Figure 315 and Figure 3-1&as also the indication of successful stimulation.
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CHAPTER 4 HYDRAULIC FRACTURING ANALYSIS

The wellproductivityis affected by reservoir heterogeneities, hydraulic fracture geometry,
and the reservoir characteristics within the stimulated reservoir vollimelevelop a better
understanding of the connectivibgtween each horizontal well the Wishbone section, oil and
water tracersvasinjectedinto thewells, andthe fluid flow is trackedin the observation wells.
This chapter presents tracer test analysis to shed light on the stimulatwivefiess andne
inter-well connectivity of the stimulated reservoir volunBecause tracers test analysis al@ne
not enough toanalyze theefficacy of the macro/micrfractures createth SRV and production
contribution hydraulic fracture geometry am-IT results shoulthe usedn addition to the tracer
analysis.

Hydraulic fracture geometry is another factor that affects wiedl productivity in
unconventional reservoi(gker et al. 201&). This study presents a practical approach to modeling
hydraulic fracture geometry usingell stimulation treatment datand rock physics data. The
model is applied to the analysis of therizontalwells in the Wishbone section to estimate the
hydraulic fracture length and width

Diagnostic Fracture Injection Tests (DFIT) is a commonly used technigesauate
reservoir properties, fracturing parameters and obtasgitunstresses. It corresponds to a single
cycle composed of one injection and one decliie DFITis performedefter the well has been
cemented andefore the main hydraulic fracture stimulation to obtain the-situ primary
parameters that control the volume and geometry of the fracture isticportantfor desigring
the hydraulic fracture stimulation.

This chapter includes (1) tracer data analysis, (2) fracture propagation, abD&I{3)
analysis The fracture propagation data analysis balintegrateavith the simulation model which

will be shown in Chapter 6.

4.1 Chemical Tracer Data Analysis

One of the most commonly used technique to obtain information about the reservoir
heterogeneity and intavell connections iatracer testA tracer is &hemical or another substance
which is injected into a well and monitored the reaction while collecting the samphegtfe

producer wells. In unconventional reservoirs, tracers are used to provide infornietidritee
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contribution from each stage over time (Catlett et al. 2013), flowback efficiencgeatapical

interpretations through the static models.

4.1.1 Tracer Types

In unconventional reservoirs, the tracers are monitored both in the injector and neghborin
producer wells. During flowback period, the injector wells producedandthe injected tracers
are monitoredrom the same well, which gives information about the flowback efficiency, Als
these tracers are monitors]dm thenearby producer wells whiclprovideinformation regarding
interrwell communications. There are three types of tracers: radioactive, chemiadyeanacers.

Most commonly used radioactive tracers are Scandit®c) Antimony {2Sb), Iridium
(*°3r), Bromine #2Br), and lodine ¢4 and *?¥) according to Nuclear Regulatory Commission
(Jack et al. 2000 The movement of the mixturacluding the radioactive tracer is traced by
gamma ray detectors the spectralgammaray log. One of the mairadvantagesf using
radioactive tracers is that they are detectable everergt low concentrationsthus minimd
guantities can be injecte@ther main advantages are that thaye not adsorbedn the rock
surface andtheir reactionis not affected by reservoir conditions suchf@snationpressure, and
temperature (Zecheru and Go013). On the other hand, thpammaraylogging tool can detect
only two ft in the formation. Therefore, the measurement scale is low compared to thevother t
tracer types.

Chemical tracerare dividedinto two types: oHbased and watdyased chemical tracers.
In unconventionalreservoirappication, a specific injection protocok followed The water
soluble fracturing fluid tracerare injectecas a mixture of fracturing fluid. The watdispersible
oil tracers are injected just before injecting proppamtiboth tracers propagate into the reservoir.
When the injected fluid contacts to the reservoir oil, the oil tracers are peatitiato the contacted
oil and produced together with the pdrticles.

The dye tracers, such as fluorescein and the B rhodamine, are detected using
spectrofluorimeter. The dye tracers are generally fmethe injectorproducer communication
analysis in highhfractured reservoirs. The detection wéry low concentration is the main
advantage of dye tracers. However, it sddnd notedhat theyare adsorbedn the rock (Zecheru
and Goran 2013).
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4.1.2 Tracer Application in Wishbone

To identify the reservoir heterogeneity in Wishbone section, bothaséd and water
based chemical frac tracers (CFT’s) were injected (Figtire Specifically, the communication
between Codell and Niobrara formations and the contribution from the stageslowrell were
studied.

wr 600 600" 600’ o00! . B Chalk

. mc\ [\ o \ L“ { scq Codell

800’ 950’ 900

Figure4-1: Wishbone section horizontal wells tracer types.

Waterbased CFTs are injectemito the all eleven wells usindourteen different
compositionsand oil-based CFTs are injected in two wallsing seven different compositions
(Table 41). The concentration of each tracer in all eleven wells was idengfiddneasured by
collecting the fluid during flowbagkandthe recovery degreef the returning fluid is calculated
(Figure 42). It is observedthat in all eleven wells around ten percent of the injected fluid is
recovered during flowback period of 180 days.
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Table4-1: Water and oil tracers injected into the Wishbone section

Well Name Water Based Tracers Injected Oil Based Tracers Injected
IN CFT-1000
2N CFT-1600, CFF1400, CFF1900, CFF2000 OFT-5600, OFTF5300, OFF5400
3C CFT-1100
4N CFT-1200
5C CFT-1300, CFF1700
6N CFT-2100, CFF1500, CFF2200, CFF2400 | OFT-5500, OFF5000, OFTF5200, OFF5100
7N CFT-2500
8C CFT-1000
9N CFT-1100
10C CFT-1600, CFF1300
11N CFT-1200
100.00 -
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Figure4-2: Tracer return versus elapsed flowback time for all eleven wells.



The same type of watdrased CFTss injectedin different wells Table 41) whichledthe
interpretation of watebased CFTs difficultStudying all eleven wellst is observedhat water
based CFTs return from the toe is higher than the other areas because of thenlaodk/macro
fractures. The opposiie observedn the heel section (Fuge 4-3. The oitbased tracer return is
higherin the Graben area than that of the wdt@sed tracer returnghis could imply that there

are more open fractures in the Graben areai(€ig-3.

|||||||||||||||
|||||||||||||||||

HEEL GRABEN TOE

Figure4-3: Fracture intensity distribution from tracer analysis. Graben sectiomédsghest
fracture intensitycompared to heel and toe sections.

The increase in the fractuneténsity around the graben calsobe observedh the study
performed by(Grechismikova 2017)in Figure 4-4a and Figre 4-4b in which the fracture

intensities for each horizontal well wdstermined by the image log analysis
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Figure4-4: Fracture intensity distribution from image logs along (a) VZBll(b) Well-6N
(Grechishnikova 2017).

The analysis of oibased CFTs is used to identify the intezll communication as well as
inter-layer communication where diased CFTs are injectém one well (WeH2N and Wel

6N) andthe samples from the neighboriwglls were monitored

There were three different compositions oflmlsed tracers were injected frahe toe,
center, and the heel in W&IN. The monitoring wells are WedlN, Well1N, and WeH3C (Figure
4-5)
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B Chalk

Figure4-5: QOil tracer injection in well 2N.

It is observedhat all three different compositions of-tidsed tracersere collectedrom
Well-3C which indicates the communication between Codell and Niobrara formations. The
ranking by tracer recovery in the offset wells is \ABll, Well4N, and WeHl1N. Thisimplies that
thestrongestommunication is between intlryers (Well2N and Well-3C) than the intevells.

Similar observations cape madeby analyzing the watébased CFTs injected from the
offset wells (Wel4N, Well3C, Well1N, Well5C, and WeH6N) and monitored the recovery in
Well-2N (Figure4-6). The largestcommunicationis observedetween WetllN and WeH3C
which confirms the vertical layer communiicet.

C Chalk

Figure4-6. Water tracer results for well 2N.
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For Well6N, four different compositions eblased tracers were injecté@m the toe
Centerl, Center 2, and the hedlhe four offset wells (WelfN, Well8C, Well5C, and WeHl4N)

are monitored for the returns to identify the communications between the kglise(4-7.

w E

B Chalk
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s

T L0

200’

Figure4-7: Qil tracer injection in well 6N.

All four compositions of oHbased tracers were collectedWell-5C and WeHl8C which
confirms the intetayer connection between Codell and Niobrara formations. The ranking of the
wells by tracer recovery in the offset wasWell-5C, Well-7N, Well-4N, and Well-8C.

The analysis of watdvased CFTs which were injected from the offset wells and collected
from Well-6N yields anothepossibleranking for the strongest to weakest communication asWell
7N, Well5C, Well8C, Well3C, and Wel4N. Thisalso indicates that watéwased CFTs and eil
based CFTs do not necessarily follow the same path which neither reduces trenipcerthe

flow path nor explains the transport mechanisms in the reservaoir.
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B Chalk

Figure4-8 Water tracer results for well 6N.

4.2 Fracture Propagation

Hydraulic fracture propagation of horizontal wells in shale reservoirs teuidodeledby
using the treatment data of the stimulation operationracki mechanicaproperties from the
dipole sonic logs. Estimated fracture lersggimd widths from this modeprovide us more
information about the success of the fracturing job and how it rdtatbe performance of the
horizontal wells. Inthis section, | will presera practical approach to modeliagpdestimating
hydraulic fracture length and width using well stimulation treatment data obtimohtal wells
in the Wishbone.

4.2.1 Hydraulic Fracture Modeling for Well Performance Analysis

Hydraulic fracturingis used to stimulate production from low permeability reservoirs,
dimensions of the hydraulic fractures created cannot be directly measutedesafore we rely
on indirect measurements like microseismic. Fracture propagation modelinghsraechnige
to estimate fracture dimensigrdit relies on the theories developed by sucPaskins,Kern,
and Nordgren (PKNand Geertsmde Klerk (GdK) In thissection | will present the modddased
on PKN fracture propagation theory which uses fracture treatment dataehoh stage of a
Wishbone section horizontal well and acoustic log rock mechanical properties fnearlay

vertical well.Fracture treatment data for each stage containdeajdicid volume, pump rate, and
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total proppant weight. These parameters are directly related to the fragigte hnd width
Thereforewe need a theory that can model the fracture propagation using the relationshgmbetwe
treatment parameters and properties of the hydraulic fracture created.

Perkins and Kern (PK) (1961) and GeertaiheaKlerk (GdK) (1969) formulate fracture
propagation aa pennyshapedractureof constant height (Figure®). The PKN model assumes
vertical plane strainwhich leads to longer and narrower fractures. However, GdK assumes
horizontal plane strajnresulting in wider fractures and shorter fracture lengths. Analyzing
microseismic results from the Wishbone section (Figufg, & was observedhat hydraulic
fractures propagated gdongerength compared to the bed thickness. Therefore, we used the PKN

model to calculate the length and the width of the hydraulic fractures.

(b)

Figure4-9: PerkinsKern-Nordgren (PKN) model (a), Geertsrda Klerk (GdK) model (b)
Fracture widthw, is calculated by Equation#in PK model

1/4
1 La
w, 0.0272 Tq)(“ (4-1)

Shearmodulusis definedin terms ofYoung modulusE andPoissorratio Mwith Equation 4-2.

E
21 X

(4-2)

The volume of fluid lossluring the treatment determines the fractufingl efficiency,
considering the importance of fluid leakf to the formation durindhydraulic fracturing in
determining fracture geometijordgren (1972extended thd”erkins and Kern model. While
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incorpoting fluid leakoff during fracture propagation, Nordgren used the material balance
formulation byCarter(Howard and Fast 1957).

The injected fracturing flow rateg,;was defined in terms dfuid lossrate, ¢, to the

formation andthe fracture expansion ratg , using material balance (Howard and FE857):

G; t gt gt (4-3)

The g andq; are related to fracture volume expansion:

At

gt 23vt WMA (4-4)
[0]
dA t
qf t Wf Zsp dt (4-5)

Therefore, Equatiod-3 can berewritten using Equationd-4 and 4-5dr a twewing fracture

At /\ t
Gy, 2 3vt WHA w 25 ddt (4-6
(0]

The leakoff velocity xin terms of fluid loss coefficient:is
C

VA | loss (4_7)
Jt
Using Laplace transfornEquation 4-@ecomes
Ca 3Ge dAg ¢ dA )
L [ 2 loss 22 d 2 L 4-8
/hmj . /t od O Qg W S T@ ( )
Solving forL "A(t) |
a
« ]
NI O 1 « q, 1 1 b
S « J o oz. (49
/2 /2 /2
> g 20 S S1/2§« w, 25, B s7 b s? s %
--(( s
W, 2s, o .
Where, b 2C,V S
W, Zsp
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Thesolution from laplace inversioffor the fracture surface area

A(t) L terfd b/ 1 ZR/IS; (4-10)

w, 2s, I

Letb 2GS/ w, 2s ,

5 a
Ay O g g 2qossJ§) Aot 1 411
8‘izloss Wf 28p \Nf 2% <_(|
Equation 4-1Xkan be rearranged as:
Onj W 2 2 2X a
A) # ety T 1 (4-12)
And, x 2C..v 3/ w, 2s,
. . X 1
Burger et al. (1985) approximation is usé€d.erfq ¥ E for3 xd 20:
2 2X § X2
e erf — I 4-13
L S © 1 0.8% (4-13)
And,
qin' W, 2 2 a
Ay BT X (4-14)

8&2. 1 0.85(

Recall the definitiorof fracture surface are& t L h, the final form of the relation between

the width and length of the hydraulic fractinecomes:

46



5.61460, W, X K2 a
8 fIC2, 1 0.85x%:

(4-15)

In this study, the length and width of the hydraulic fractsisolved simultaneously using
aniterativeapproact{Figure 410) in contrast to the literature where the width of the fracture has

beenassumed constaniv :

W Zwo (4-16)

START
INPUTS: h.s,.C.q,.V,

Initialize fracture

Igngth:
I =500

l

Calculate fracture
width:

141
w

l

Calculate fracture
length:
7
|

Calculate:
SL=L""-I" and Sw=w"" -

SL<107°

Sw=107

Figure4-10 Flowchart for calculating fracture length and width.

4.2.2 WishboneExample

The hydraulic fracturenalf-length and width of eleven wells in Wishbone sectias
calculated Inputsfor this modelare pumped fluid volume, pumped proppant amount, and the
average pumping rate per stage. The examplecompletion data for the wells from Wishbone
section used in this studytabubted in Table 4.
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Table4-2 Example completion data

Fluid Proppant Av. Pum Fluid Proppant Av. Pum

Nﬁtrﬁggr Volume, V\;)eﬁgpht, Ratlcja, P Nﬁ?ng Volume, V\;)er;gpht, Ratltja, P
bbl Ib bpm bbl Ib bpm
1 3,434 114,942 31.3 17 2,288 48,481 61.6
2 1,911 60,641 42.8 18 2,147 49,347 62.6
3 1,933 63,320 35.7 19 2,163 50,218 62.0
4 2,648 92,191 36.3 20 2,148 50,141 61.1
5 1,901 63,655 32.9 21 2,793 72,687 63.3
6 2,274 56,256 52.4 22 2,132 50,904 63.7
7 2,225 55,441 60.6 23 2,150 50,689 59.9
8 2,866 74,558 59.2 24 2,756 74,234 63.2
9 2,220 48,847 54.6 25 2,780 74,435 63.2
10 2,176 50,766 60.0 26 2,130 55,041 62.9
11 2,205 49,910 61.7 27 2,100 54,324 63.7
12 2,181 48,010 59.8 28 2,183 56,847 63.7
13 2,190 52,976 57.1 29 2,144 56,682 63.8
14 2,175 51,522 56.0 30 2,124 56,803 63.7
15 2,845 72,236 61.9 31 2,764 79,655 63.7
16 2,820 71,117 60.2 32 2,777 82,663 63.7

In addition to the hydraulic fracture treatment data, measured mechanicattigfrom
logs in Wattenberg Field (Young’s modulus and Poisson’s ratio), are used as an inpotddehe

Table 43 summarizes the rock properties used as an input parameter for the PKN model.

Table4-3: Reservoir roclelasticproperties

Parameters Value Unit
Young modulus, E 2x10 psi
Poisson ratioy 0.25 -
Porosity, / 0.10 -
Thickness of the reservoir, t 80 ft

The outputs of the model are hydraulic fracture -teifyth and width per stage. The
estimated hydraulic fracture hdéingth §f) and width (wf) foroneof the wells in the Wishbone

section are tabulated Table 44.
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Table4-4: Input parameters and results for hydraulic fracture modeling

Parameters Value Unit
Average proppant mass per stag 1,943 Ib
Averagefluid injected per stage 73.81 bbl
Averagepump rate per stage 57 bpm
Estimatedys 319.36 ft
Estimated w 0.1176 in.

4.3 Diagnostic Fracture Injection Testing (DFIT) in Unconventional Reservis

DFIT is the pressure transient testing doiconventional reservoite determine reservoir
and fracture properties mvery shorperiod It is also callednini-frac, datafra¢ and mini faltoff
but all refer to the same test sequenee, injection followed by the falbff tests.During the
injection test, a relatively small volume (for example€8®bbls for shale reservoirs and- 500
bbls for unconventional tight sands) of fluid including typicali¢ 26 KCI is injected into the
formation at rates of-6 bpm without proppant toreak down the formation and create a fracture.
Then, this is followed by the fatiff test which refers tthe shutin period for 314 days to allow
the fracturing fluid lealoff to the formation and observe the closure of the fractdesn key

parameters that can be obtaifiexn a DFIT test are

x Fracture closure pressurd,j which is usedfor proppant selection and hydraulic fracture

permeability calculation

x Efficiency of fluid whichis usedfor hydraulic fracture geometry such widtW ) and length

(Yur ) calculation

x Pressure capacity of the formation whistusedfor transmissibility kh/ 2 of the reservoir

kHF Wr

and fracture conattivity (Cep Ky
HF

) estimations

X Minimal stress contrast whidh usedor minimum and maximum horizontal stress estimation
x Formation leakoff mechanisms and loss coefficients whicshused for maximum sand

concentration estimation and pad volume requirements
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4.3.1 DFIT Analysis

The analysis of DFIT dateés performedin two parts which are prelosure transient
analysis (PCA) and afterlosure transient analysis (ACA). There aesicall three techniques
used for both PCA and ACA analysis for after simuperiod: Nolte Gfunction, Gfunction log
log, squargoot of shutin time. The radial flow in the reservoir is the identification of complete
closure of the fracture.

The typical pressure behavior of DHHigure4-11) shows that after the fracture is created
the pressure starts to decline rapidly and stabilizes. The instantaneoirs mlessure (ISIP)s
determinedwhich is the first point where pump is sluit-

Breakdown
Pressure

4—— ReservoirDominated
Flow

Fracture Closure
Pressure

Bottomhole Pressure

4—— Fracture Dominated >
Flow

Time ——

Figure4-11 DFIT test overview plot.

The closure pressure is the state where the fracture is mechanicallywdheseds it is still
hydraulically connected to the reservoir. The pressure eventually apprdadiesreservoir
pressure after the fracturseclosedmechanically anthe pressure decline is only controlled by the
reservoir The fracture closure pressus determined using the Noltef@ction plot, which is the
dimensionless time function, was introduced by Nb&88 The Gfunction, which allows a linear
relationship between pressure and le#kcoefficient, is designed to liaeize the pressure
behavior (Equation 4-17) during normal leak-off (Economides and Nolte):1989
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The deviation fronsemtlog derivative of pressurwith respect toG-function (G% )

versus Gfunction on a Cartesian plot through the origin indicates the closure prepsBarree

et al. 2009).The details of choosing the correct closure presatgexplained by Barree et.al
2015.

The pe-closureanalysiss performedor the leakoff area where fracture and reservoir are
still in contact. Thusgenerallythe flow regime is dominated by linear flow during PCA. At the
moment of fractureclosure the leakoff area is changed from fractémeservoir contact to
wellbore/reservoir contact. Hence, the flsadominatedy the radial flow regime.

The loglog analysis of pressure and derivative of pressure versus time is plottedtify ide
the flow regimes. The linear flow during PCA exhibits a positive ¥z slope on tHedaggjot
whereas during ACA exhibits a negative Y2 sloBar(ee et al. 2005 The pseudwoadial flow
exhibits a slope of negatiwmeduring ACA. The summary of slope characteristicsogAog plot

is identifiedfor each flow regime in Table-8 (Barree et al. 2009)
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Table4-5: Log-log graph characteristic slopes

The linear flow analysiss performedby plotting square root of timesqrt(t) versus
pressurep,, and derivative of pressure. The spurt, treatment fluid efficiencyabjyidrfracture
geometry, and fracture closure pressure are obtéinéade linear flow analysis (Economides and

Nolte 1989). The transmissibility of the reservokhy P is obtainedby the pseudwadial flow

analysis (Barree et al. 2009).

4.3.2 DFIT Analysis in Wishbone

Four DFIT analyses wereonductedn vertical offset wells from surrounding Wishbone
area. The three of the DFIT were condudtedhe Niobrara formationand one of themwas
conducted in Codell formation. The results of linear flow and radial flolysisare tabulateth
Table 46. Theidentification of pressure dependent ledk(PDL) and transverse storage leak

types indicate the existence of secondary fractures in Niobrara formation.
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Table4-6: Results of DFIT malysis
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CHAPTER 5 NUMERICAL MODELING

The stressdependent deformation imydrocarborbearingshale formations affects the
production decline trendslherefore, determining the transport mechanisms that affect well
performance in liquidsich unconventional reservoirs is critical because of the-@vanging
nanoscale flow and transport behavior in shale reser{iekar et al. 2017). In this chapterto
account for the complexity, which incorporates a bimodal porosity and permeabilityudish
for the rock matrix and adde set of macrdractures, in the stimulated reservoir volume (SRV)
anovel dualporosity,coupled geomechaniesd flow model is presented to understand the effect
of rock deformation on production in unconventional reservoirs.

This chapter includes (1) dupbrosity multiphase flow formulation using poroelasticity

theay, (2) mathematical formulatiomnd (3)model verification.

5.1 Dual-Porosity Multi-Phase FlowModel Using Poroelasticity Theory

Reservoir pore pressure changes duprmluctioncauses change in the roitkme stress
state. This alteration causes rock deformation, porosity and permeabilitfioadlncluced micro
fractures andmacrofracturesin unconventional shale reservoirs arises the need for a- multi
continua representation to modélke dynamic behaviorof this system.To demonstrate these
effects,| have developed dualporosity multiphase numericatodel to quantify and assess the
viability of the effects of rock deformation on production. Formulations of the lineaelasticity
theoryareused to couple the transport equation to assess the effect of stress dependieacy on
performancef unconventional shale reservoirs.

The numerical model developed for this dissertatisses linear poroelasticitiheory
developed by M.A. Biot (1941). By extendinige Terzaghi’'s uiaxial strain theory (Terzaghi
1925) to three dimensions, Biot developed the mathematical framework for tieéagtioity.

Initially developed for single porosity, where we hawely matrix, the concepbf
poroelasticity can be extend&m matrix-fracture systems. There are several attempts to model
singlephase flow in duaporosity media (Berryman and Wang, 19%Hhalili and Valliappan,
1996). In petroleumeservoirsve must consider the multi-phase flow of oil, gasjwater Thus
the singlephase Biots formulation musbe extendedanddifferent fluids in the porous media

with partial saturatiomustbe considered
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To apply the Biot’s singphase model to mulphase systenthe fluid systenis assumed
as a single composite ftbwhich consists oén averaged total fluid bulk modul(/ood 1941).
The components, whiatontribute to the total strength of the combined systenthdluid inside
the rock, solid grainsaandtherock skeleton. The values of bulk modwhich areused to define
Biot moduli for both fracture and matrix, identifidtetrelative stiffness qfore fluid solid grains,
androck skeleton.

In the literature, lere arevarious modeldo numerically simulate mulphase flow
including rock deformation Aif antis (1980) applied the poroelastic theory to duglorosity
systemsLater, Bai (1999) developeg@oroelasticmodel for singlephase flowin dual-porosity
media and showetie significance of the fracture deformation comparedeanatrix deformation
due to the compressibility difference between fracture and ma#ixthe fracture deformation
was largethanmatrix deformationAnother coupled geomechanics and dual-porosity model was
introduced by Lewis et al. (19910r threephase flow without including fracture deformation and
crosscoupling terms. Pao et al. (2002) and Lewis et al. (2@0@XEelopedmultiphase models
including the fracture deformation and a crassipling to tle matrix blocks The most recent
studies were conducted IBagheri ad Settari (2006who used an equivalent singp®rosity
mediumfor geomechanics modeAnd, multiphase flow coupled to geomechanics for a single

porosity modeivas studiedy Kim et al. (2013).

5.2 Mathematical Formulation

Dualporosity models argenerallyused © model multiple continuavhich consist of
fracture and matrix of different sizes. Tagsumption used in the develomhkalporosity model
in this studyis that matrices feed the micro/macro fractures created in the SR¥yanthallythe
fractures are connected to the hydraulic fracture and the horizontal wellbore.

The gverning mass balance equatidmsmultiphasdlow and the rock deformation using
linear poroelasticity in dugdorosity media wilbe presentedrhe assumptionf®r the model are:
xThreephasdlow that are water, oil, and gas
xThesystemis isothermal and homogenous, with constant thickness
xTheadvective flowincludesviscous and capillarforces and excludes gravity effects
XxThe change in volumetric strain as well as the changésdture and matriyporosity and

permeability with respect to change in strassincluded
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xThe uniaxial strain: A, 0

5.2.1 Mass Transport Including Bulk Rock Deformation

The mass transport equatiomssumehat the saturated porous media consists of a solid
phase and a fluid phase which can flow as a result of appropriate flow pajesdia@intsEquation
5-1 is the mass balance equationdolid phasan Euleriancoordinate which assumestationay

coordinate system. Eqtion 5-2is the mass balance equation foe fluid phase at a fixed point

in space:
o slUUS _\N/sl i (5'1)
w
- G w
f[/ Uf/ I] i (5'2)
u V11 (5-3)

U
Darcy velocity U;, in the Lagrangiancoordinatesystem is measuredlith respect tadhe solid

phaseat itsown velocity.

k , G

_P p'/u U (5-4)
Where,

G dx dy d&

u L -

*odt dt die (5-5)

Rearranging th&quation5+4 yields

G 1k G
U U == p (56)
When Equation 5-& substitutednto Equation 5-2:
, o~ § . w -
L’E p f (E I— (5-7)
P © W1
Equations 5-8 and 5-9 are two equivalent equations wdnietderivedrom Equation 5-7:
.d g
T Lb b§ U ﬂ? ’i—q EﬂZI« (5—8)
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~ 8 1 dV rdy 1dp
: U= b _— 1T = 5-9
e IO@ PN At pdt de (>9)
Where,V, is bulk volume
~ 8§ 1dv, 1 dy
! - U—r ——® 5-10
J IC’@ "V dt Pyodte (510
function of function ofo_
p and V p only
Or,
k 8§ 1dv,  1dep

7~ f_ T U -
IO© (5-11)

f —
Vb dt P L dto
function of function ofo_
pand V p only

Where,V, is pore volume

Jaeger et al. (200%efinedthe expression imight-handside of Equation 511 asthe

volumetric change in the fluid contenith respect tdime that isonly due to mass transfe?d—tg:

d9 1dv, ,1dY
dt v, dt ¢ dt

function of function of
p and V p only

(5-12)

Then, Jaeger et al. (200 ®@efinedEquation 59 in terms ofBiot modulusM and time

derivative of strainm—g taking into account the linear elastic deformation of the rock frame and

its fluid content as a result of pore pressure and net stress change:

1 17
— —® 5-13
P © M t wh ( )
And the inverse of Biot modulus was defined as:

1 7
M K, K,

(5-14)
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The Biot coefficient in terms dfulk or frame modulug, andsolid modulus,K,:

K
D1 —=>% -
<. (5-15)
Kb {Kframe (5'16)

The dialporosity systems used ithis model can be explained in the following
representative elementary volumes (REV); one of tffégure 5-1a)consists othe solid material
andthe porous matrix block material without fractures and the other ong€bBig.b) consists of

thereservoir rock framevith of solid material] matrix block material andmicro/macrofractures

() (b)
Figure5-1: Matrix block without fracturega), andmatrix block with interconnected fractures

(b).

In this thesis, the singlphase mode{Equation 5-13Wwas extendedo the dualporosity
modelto appropriatelycouple the fluid flow equations in both fracture and matredia Thus, |
defined Biot modulus for bothmatrix andfracture media withinthe dual-porosityconcept It
shouldbe notedhat hefracturemodulus is the bulk modulus of the fractured raokl thematrix
modulus is the commonly measured rock modulus obtained from the laboratory experiments.
Moreover,in dualporosity systemdyactures are the most compressibiledium,andthe solid
minerals are the least compressible meditihereforethe magnitude of each bulk modufuem
the lowestto highestvaluesshouldbe considere@sthe matrix block with fractureghe matrix

block without fractures, anithe solid grain The singlephase, duaporosity model is:
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k a
v o~ Mfeff pf ] D, J q 1w M,M (5'17)

P « M, t wt
Where,
Wk, V p, pF (5-18)
Kiew K¢ Ky K (5-19)

The inverse of Biot modulus for the fracture medinnkEquation5-17 was definedased
on thesingle-porosityapproach (Guation 514)introduced irFjeeret al. (2008)that Biot modulus
in the fracture equation is a function of the fracture fluid modulus arzlitkeock frame modulus
with the presence of fracturel ;. :

1 /; ¢ Dy

I (5-20)
M f K fl deb

The definition of Biot coefficient for fracture is defined using the definitioBiot coefficient:
K
o 1= (5-21)
Kdm
The coupled mass balance equation for the maitrikthe inverse of Biot modulus for the
matrix mediumas afunction of matrixfluid modulus and the bulk drained modulus of matrix

blocks without fracturesK,, is defined

10p w
mW _
Mt "wt (5-22)
D
I S (5-23)

Mm Kﬂ Kdm

The Biot coefficient for the matrixnediumis obtained using the definition of Biot

coefficient for the total system (Equatiér25) andor the fracture (Egation 5-21):

deb K dfb

R K K (5-24)

dm sm

The Biot coefficient of the total systesigivenbelow:

deb
m D¢ 1 ﬁ%— (5-25)

sm
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The next was to extend the singlease duaporosity linear poroelastic modeltieemulti-
phase duaporosity system. The mulghase matheatical model forthedualporosityporoelastic
model is based on the assumption that nphiise fluid can be considerasla single composite
fluid which hagotal compressibility calculated by the average of its constituent compressibilities
(Toms et al. 2006)Therefore, the interactidmetween the rock and composite fluids oogten
multiphase fluidsare distributedon a fine scaleTherefore, thisphysical representation of
immiscible fluids in themicro-scalepores and fractureled to the multiphase mathematical
modeling for dual-porosity systems using linear poroelasticity.

The global pressumquation for couplethulti-phaseanass balancequation in the fracture

become:

’ "'kf,eff wf Oof of Opof Wfq)cwof of pco@@ 1 pof (0 q Wpof (5_26)
A VB, VB, Uy By Oy = M, t (W2G) t

w 0 g

Similarly, the coupled global pressure equation in the mtkies the form:

1 pom Dm Wpom
A (S (5-27)
M t W26 t

m

The saturation equations for water and gas in fracture meattieipresented iBquation
5-28 and Equation 29 respectively.

, ~k w a - o - V2, w a
% Pot s D pcwof:: QKV Qi é St Gt Gu if wi 3\”(—(| (5-28)
R By W8 °
s Si G S B—gf?© «wg:
~ ~ of of « _
kf,eﬁ of poro of D pcogfi Jg Bgfqgfa—| f_tgf W /«_tf®( (5 29)
& VR.,wf..§ « wt o
Sur B, W, © ng (;f(_(‘ °

Similarly, Equatiorb-30 and Equation 5-3&presents theater and gas saturation in the
matrix respectively:

a

pof pom W a

« A ')
kﬂ'l/W, fim o (V4 « m /Swm C/m CWm — — SWm« (5-30)
_|z/ ‘\%/ hwf th pcwof pcwom(_(| t wt -
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5.2.2 Rock Deformation

When stress is applied, the rocks expand or contract lineatigdar elastic materiallhe
Navier equation or equation of motion of rock deformatgonbtainedvhenforce balance on a

representative elementary volumeapplied

G L
T VE Uviu (5-32)

W
For the cases where tharticle velocity isvery smal] equation of motiotnecomes
T VE O (5-33)
1o~ ZU >
( G'(Cu GuOF O (5-34)

The particle displacement in the vertical directisas presented ifEquation 5-35) for

uniaxial strain problem in the vertl direction

2

(m) W (5-35)
Zo " wz

The discretization of Heption 535 and the strain equation assuming the compaction was
only in zdirectionis explainedn AppendixD.

5.2.3 Porosity andPermeability Change with Time

There are two main descriptions used for the porosity in numerical modeling; Ealeda
Lagrangian. Théme-independenEulerian descriptiors basedna stationary coordinate frame
andthe Lagrangian descriptiaa basedna dynamic coordinate system. For practical purposes,
the porosity change is calculated using the Lagrangian description whidledstase porosity.
However, heEulerian based description, whighbasedn the stationary computing grid, is used

for thefluid flow and rock deformations formulations (Thomas et al. 2002
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1 1/™ e”"™i matrix, fraéture (5-36)

true, i
ami /™ @ 217 i matrix, fracture (5-37)
The pore compressibilities in our model using linear elastic model becomes:

D / D
C, i; and Cnm /i% (5-38)

f dfb m dm

The change inpermeabilityusingthe relation between porosity and permeapidn be
obtained by Equation 5-39. (Jones 1975):

/1§ Kk

/init © kinit

(5-39)

The parameters used in the dpaflosity formulationssuch as effective reservoir
permeability(Equation5-19), fracture porosity (Eetion 5-40)fracture permeabilityEquation
5-41) and shapéctor(Equation 5-42are all interconnected lige matrix block dimensiorend
thewidth of the fractures. Thereforthe modeparameters must be chodena consistent system

(Kazemiet al 1993).

§
w0 L1 (5-40)

Equation 5-41 represents the definition of fracture permeabklitywhichcould decrease

substantially because of the narroweffectin the pore throat. Therefore, a fracture roughness

measureand diageneti€actor (c) is usedto take into account thisforementioned effectf (c)

is equal to ongit indicates theré no slippageandif (c) is higher than one, it indicates there is

slippage
1w
ki, —— 5-41
" C12 (5-41)
1 1 18
vV 4 — = = (5-42)
L, L Lg
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5.3 Numerical Discretization

One of the preferred numeriaalethodto solve theparial differential equation (PDE) for
deformationis finite element metho(FEM) becausaét is consideredo bea better approaciof
modeling deformation ofomplex objects. Howeveit, was showrthat finite difference method
was agpowerfulas the finite element method for rock deformation becausedkerialinterfaces
of rocks cannot be préefined (Gerya 209). Taking into account the numerical complexities
using FEM for the rock deformation and the accuracy of the reBaite difference techniquis
usedto solve the (PDE) for both fluid flow and rodkeformation For the mass transpohlock-
centeredgrid systemwas usedandfor therock deformationedgecenteredgrid was usedThe
details of the finite difference implementation of the mathematical modelbeafoundin

Appendix-A.

5.4 Solution Algorithm

The global pressure equations for fracture and matrix, and the rock deformatien
solvedsimultaneouslyporosity and permeability updates and saturatweie solvedexplicitly.

The solution proceduris illustratedin Figure 5-2:

(@) (b)

Figure5-2: Flowchart of the coupled analysis single-phase (a) and phase flow (b).
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The primary variables and the corresponding equaditatbulatedn Table 51:

Table5-1: Primary variables and associated equations

Primary Variables Equation

! 5 26

ot 5 27

w' 5 35

SRS 5 28,5 3C
5 29,5 31

S+ Snv S

5.5 Model Verification

To verify the model, theatetransientanalysiswas usedo backcalculate the effective
permeability, which wasan input parameter in the numerical modEbr flow modeling in
unconventional reservoirs, the accurate representation of the system consiatsuoés and
matrices. The schematic of the conceptuatet including multistage hydraulic fracturing and

horizontal well in unconventional reservoirs is showfigure5-3.

Figure5-3: Model representation with dual-porosity flow concept.

The first step wato usediagnostic plot (logog) toidentify the flow regimes (Figurg-4
for singlephase flow, andigure 5-5 for multiphase flow). The next step wasperformlinear
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flow analysis tabackcalculate the effectiveormationpermeability of the systerfiKazemi etal.
2015).

The effectivgpermeability value calculated from thealyses of dat@om the 2D, coupled
geomechanks;, singlephase, duaporosity numericammodelverified theinput value foreffective

formationpermeaility within 1.82% accuracyHigure 54).

() (b)

Figure5-4: Singlephase logog diagnostic plot (a) and linear flow analysis plot (b).

The 2D, coupled geomechaniasulti-phase, dual-porosity modehas similarly verified
Initially, the diagnostic plotvas performedollowed bythe linear low analysis (Figur®-5), and
the effectiveformation permeability bacicalculated from the numerical modedsults was

consistent with the analytical solutions.

() (b)

Figure5-5: Multiphasephasdog-log diagnostic plot (a) and linear flow analysis plot (b).
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CHAPTER 6 NUMERICAL SIMULATION RESULTS

In this chapter, simulation results using the developetlalporosity coupled
geomechanics antbw modelwill be presentedo understand the effect of rock deformation on
production in unconventional reservoirs. Production diata Niobrara formation wassedto
demonstrate the efficacy of our model.

This chapteiincludes (1) field application an@) sensitivity analysi®f the simulation

model.

6.1 Field Application

To apply the developed model for a field gdsmbrara formatiomatawas used

6.1.1 Model Construction

The model was constructed using the analysis performed in Chapters 2, 3, and 4.

6.1.1.1 Grid Construction

The stimulated reservoivolume for a single stage was constructed to simulate the
production. The system was composed of a very high permeability hydraulic fragtucgnmacro
fracturesanda matrix to represent dupbrosity media in the reservoir.

Logarithmic gridding algathm (Appendix-B) was used to createvery finegriddingsizes
at the vicinity of the hydraulic fracture and gradually increased as theweidslocatechway

from the hydraulic fracture (Figu@1).

Figure6-1: MicrofractureMatrix system feeding a single hydraulic fracture
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The simulationwas runfor a 2D model constructed using the reservoir dimensions

tabulated in Tablé-1.

Table6-1: Reservoir énensions

Parameters Value Unit
Oé, O‘,, O,’ TX1IX7 -
T Logarithmic  ft

e FE Wy 440 ft
oV 12 ft

Sy 0.25 in.

D 84 ft

Ty 60 ft

6.1.1.2 Rock Properties

The SRV consisted ahatrix and micro/macro fractures. The propertiesradtrix and
fractures in the dugdorosity model used in the simulation nwas tabulatedh Tale 6-2. The
properties ofmatrix were obtainedrom MICP results Chapter2). The micro/macro fracture
propertieswere calculated using Equatid@il and the results obtained from mygthase RTA
(Chapter3).

The fracture permeability,, can be calculated using the effective permeabikiy; ,
definition:

Kien  Kilp K, (6-1)
Where,

K o is the effective permeability; fracture permeabilityk, matrix permeability, /; fracture

porosity
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Table6-2 Reservoir rock pperties

Parameters Value Unit
Matrix Porosity, /, 0.10 -
Matrix Permeability K., 3.14E-6 md
Effective permeability,kf’eﬁ 0.003 md
Fracture porosity,/; 0.0025 -
Matrix block dimensionsl,,L,,L, 1 ft
Matrix shape factor,V 12 ft2

The elasticock propertiesvere choseso that the system was consistent whihNiobrara

formation

Table6-3: Elastic rock propertiefor poroelasticity model

Parameters Value Unit
K, 80 GPa
Kdm 23 GPa
Ky 8,10,12 GPa
Shear modulu& 5.72 GPa
Poisson ratioy 0.25 -

Young modulus,E 14.30 GPa

6.1.1.3 Fluid Rock Properties

There has been no experimental measurement available for Niobrara formatrenghtar
relative permeabilities nor capillary pressure. Therefore, the \odtezlative permeabilities for
matrix medium was modified from the expments performed for Middle Bakken sampl€$o
et al.2016).
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Figure6-2: Relative permeability curves for wateil system.

The relative permeabilitipr thegasliquid system has not been performeegberimentally.
Thus, the engboint relative permeabilities and residual saturations were assumed taking into
account the watenil system relative permeabilities and Cotgyge equations (Appendik). The

gasliquid relative permeabilities for matrix mediusishown in Figure 6-3.

Figure6-3: Relative permeability curves for glquid system.
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The relative permeabilitipr both wateroil system and gaquid systems fothe fractures

were assumedsing the equations in Appendix{Figure 64).

() (b)

Figure6-4: Relative permeability curves for fracture medium (a) WatgiSystem (b) Gas
Liquid System.

Similarly, capillary pressure measurements for Niobrara formation waswvailable.
Therefore, Middle Bakken sample measurements werefasele capillary pressure measa

between water and oil (FigureS).

Figure6-5: Capillary pressure curve for watell system
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The capillary pressure fahegasliquid systen in the presence of water (Figues) was

assumed using the equations (Append)jx-C

Figure6-6: Capillary pressure curve for gquid system.

The capillary pressure curves for both waigrand gadiquid systems in the fracture
mediumwere assumedsing the equations in Appendix{Eigure 67).

(@) (b)

Figure6-7. Capillary pressure curves for fracture medium (a) Waiesystem (b) Gasiquid
System.
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6.1.2 Model Initialization

The initial condition for the flow and mechanical equilibrium such that the predsine a
fracture and matrix are same since the well was not open to prodUc¢testrainwas initialized
as zero; thereforge zeradisplacementwvas geerated The details of the initial and boundary

conditionsare tabulatedh Table 64:

Table6-4: Initial model poperties

Parameters Value Unit
Reservoir Data
Overburden thickness 7300 ft
Initial bottomholepressure 3729 psi
Bubble point pressure 3729 psi
initial 0.05 -
f
initial -
Sgr]lta O
initial 0.5810 -
m
S;nr:qtlal O -
Wf 20 .m
Roughness, C 100
kinitial 0.003 md
f eff
/ifnitial 0.0025 -
kri;ﬂtial 0.00000314 md
Jnital 0.10 -
m

Production Data
Bottom-hole pressure 3000 psi

Kazemi etal. 1976 and Kazemi &ll. 1979condicted experiments on fracture cores and
observedhat fractures would not clogatirdy because of the presence of asperities on the fracture
surface. For oumodelingwork, we limit the fracture closure to half of thatial width of the
fracture, whichis 10 /n.
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6.1.3 History Match Results

Production datdrom eleven wells in Wishbone section were availaBlefore history-
matching theproductionof a representative well from the section (\AIE\), linear flow analysis
was performedb initially assume effective permeability of the SRWe data used for the analysis

and the results were provided in Chapter 3.

The historymatch was performed ugjra base model which was built for a singlage
hydraulic fracture and upscaled to the 50 % of the stage number since arountitb8%tages
are generally contribute the flow. The simulation model was run using a pressongrolled
boundary conditinandoil ratewas predictedThe historymatding results displayed in Figure 6
8 and Figure @ for oil rate and cumulative oil production, respectively showed a reasonable
match. The difference between the model and well history could be the assumptionsadehe m
and the PVT model used.

Figure6-8: History-match results for oil rate.
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Figure6-9: History-match results for cumulative oil production.

The everchangingstrainat eachnodewas calculatedFigure 610 shows thecalculated
time-dependent strain #tree locations: theell node,85 ft away, and 10@ away from thavell
node. Specifically, most of the compaction occurreubates close tthe welborebecause ofhe
high pressuredrop.

Figure6-10: Vertical strain change with time.

74



6.2 Sensitivity Analysis

To observe the effects abmpressibilityand rock deformationon production several
sensitivity analysesere conducted-irst, the numerical model for2, multi-phase dual-porosity
model was run for a base ca@@ASE 1) systemwith zero bulk rock deformation, and

compressible system with bulk rock deformation which includedngebanicfCASE 2)

Figure6-11 Cumulative oil production

The cumulative production (Figufe1l) showed that the simulation runs including bulk
rock deformation had the highproductionthan the case where there wasggypomechanieffect
such as compaction and porosity and permeability changes involved in the simulatidrhigins
production difference showed the importance of compaction during production.

As anextstep, the numerical ndel for 2D, coupled geomechanicsjulti-phase, dual
porosity modelas runfor additional three cases to investigate the effect of bulk modulus on
production. lwas observethat as the bulk drained modulus of matrix blocks containing fractures,

Ky, decreasedhe compressibility of the fracturaatrix systemncreasedThereforgecumulative

oil productionwas increase(Figure 612).
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Figure6-12 Cumulatve oil production fodifferentK, values.

The final analysis was performed to investigate the effethehon-homogeneousse

where each layer has differdmilk drained modulus of matrix blocks containing fractufeg,

(Figure 613). Vertical heterogeneity of the formatiomegardingelastic properties coulbe

observedy the sonic log interpretation of the vertical well in the study @fieare 614).

Figure6-13 Hydraulically fractured well for a nehomogeneous case.
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Figure6-14 Rock elastic properties from sonic log (RCP 2017, Tom Bratton).

Figure 615 displays the effect of heterogeneity in the reservoir. The non-homogeneous

case had slightly more production than that of the homogerases

Figure6-15 Comparison of the cumulative oil production.
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CHAPTER 7 CONCLUSIONSAND RECOMMENDATIONS

7.1 Conclusions

In this dissertationa coupledgeomechanics and mufthase numerical simulation model

was developetbr unconventional shale reservoirs. Multiple continua, which included matrix and

fractures, wereepresented by duglorosity representation the model.The rumericalmodel

utilized Biot's linear poroelastic theory in transport equation aedfined two distinct Biot

coefficients for the matrix ahthe matrixfracture systenSimulationmodelwas canstructedwith

the inputs obtained from the field dataalysisof Niobrara formationFollowing are the main

conclusions of this dissertation.

X

Rock deformation mudie characterizely the bulk frame, which is the matisacture
system, and by the matrix rock without fractures. Using these parametehsakparosity
model is critical; otherwise, cumulative production Wi underestimated

From simulation runs ivas showrthatfracture compaction (or, fracture compressibility)
is a driving force during productioffhat is, the change in the fracture compressibility
providedan additionaknergy to the system which improved the production even though
the micro/macrdracture apertres were reduced

The production performance was affected by the rock elastic propdittiecumulative
production was higher if the bulk modulus of the matracturesystem wasmaller This
observation could be related to the fact that the smallgniuae of the bulk modulus of
the rock frame was an indicatibtmthe softening of the system.

While numerically modeling shale reservoirs, it is imperative to capture o@serv
heterogeneities from petrophysics and seismic measurements to accousitese
dependency of each productive layer.

The bulk moduli values for fracture and matrix should always satisfy theorelagitween
the fracture and matrix Biot coefficient. The Biot coefficient for the fractusystem
depends on the hardening or softening behavior. Therdf@dracture Biot coefficient
should always bereaterthan that of the matrix Biot coefficient while the composite
system Biot coefficient should be close to unity.
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X An integratedreservoir characterization of the shale formation should be performed to
accurately analyze the transport mechanismydraulicfracture stimulation effectiveness,
and production decline trend’he available data such as production data and tracer
analysis, fracture geometry calculations, core and-hvglbata, fluid and rock properties
should be carefully identified to represent the reservoir model.

7.2 Recommendations

The following are the recommendations perfamnfuture work:

X It is recommended to include the tifag@se changes in rock elastic parameters from
seismic inversion which will tie the change in bulk modulus and shear modulus into the
reservoir simulation model.

X The acoustic laboratory measurements need to be perfdomedre samples from each
facies. These measurements will show the relation between the rock elas¢idips and
stress state change which vk utilizedin the coupledyeomechanienodel presented in
this dissertation.

X It is alsorecommended to conduct experiments to measure the relative permeability and
capillary pressurasing coreflooding for wateroil and gadiquid systems in Niobrara and
Codell formation because these input parametelisgortantto improve simulation result

accuracy.
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APPENDIX A FINITE DIFFERENCE DISCRETIZATION OF THE GOVERNING
EQUATIONS

The 2D discretization of the pressure equation for both fracture and matrix:
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x Total Pressure Equation in the Matrix
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The 2D discretization of the saturation equations in the fracture:
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x Oil Saturation Equation in the Fracture
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x Gas Saturatiokquation in the Fracture
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The 2D discretization of the saturation equations in the matrix:

X Water Saturation Equation in the Matrix
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x Oil Saturation Equation ithe Matrix
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x Gas Saturation Equation in the Matrix
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APPENDIX B LOGARITHMIC GRIDDING AND TIME STEPPING ALGORITHM
The Cartesian logarithmic gridding was generated using the folldarngula:
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The logarithmic time stepping:
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Where,
't* = Firsttime step
N = Total number of time steps
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APPENDIX C RELATIVE PERMEABILITY AND CAPILLARY PRESSURE EQUATIONS

In this thesis, relative permeability data vgeserated using the following Corgype equatios:
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APPENDIX D ROCK DISPLACEMENT EQUATIONS

The PDE for 2D rock deformation in x and z coordinates is:

2 2
wu w W W W o,
@ MW 6 o BV Bl
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Assuming onlyuniaxial strainin z-direction, the above rock deformation equabienomes
o P
y4 Wz

Thus, the discretization of the rock deformation equation:
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And assumingompaction imnly in z directionthe volumetric strain becomes H,:
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