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ABSTRACT
The objectiveof this study is threefold: 1) Build a dual-porosity, geatagjreservoir model
of Niobrara formation in the Wishbone Section of BRkeBasin. 2) Use the geologic static model
to construct a compositional model to assess perfornansell 1N in the Wishbone Section. 3)
Compare the modeling results of this study with the rdsuih an eleven-well modeling study
(Ning, 2017) of the same formation which included the saweié Whe geologic model is based
on discrete fracture network (DFN) model (Grechishnikova 2017) fmonoutcrop study of

Niobrara formation.

This study is part of a broader program sponsored by Anadarkooaddated by the
Reservoir Characterization Project (RCP) at Color&dbool of Mines. The study area is the
Wishbone Section (one square mile area), which hasreler&ontal producing wells with initial
production dating back to September 2013. The project also iscudi@e-component time-lapse
seismic. The Wishbone section is a low-permeabilitytéateservoir containing liquid-rich light

hydrocarbons in the Niobrara chalk and Codell sandstone.

The geologic framework was built by Grechishnikova (2017) usisgég microseismic,
SHWURSK\VLFDO VXLWH FRUH DQGJRIRWRURF |hdad/aHZERUUINH F K L \
petrophysical and core data to construct a 3D reservoir mblael3D geologic model was used
in the hydraulic fracture modeling software, GOHFER, to crehtelaaulic fracture interpretation
for the reservoir simulator and compared to the interfioetduilt by Alfataierge (2017). The
reservoir numerical simulator incorporated PVT fromvell within the section to create the
compositional dual-porosity model in CMG with seven fuatt components instead of the thirty-
two individual components. History matching was completediernumerical simulation, and

rate transient analysis between field and actual produat®oompared; the results were similar.



The history matching parameters are further compared fogbeparameters, and Niffgi2017)

history matching parameters.

The study evaluated how fracture porosity and rock congpairhpacts production. The
fracture porosity is a major contributor to well productamd the gas oil ratio. The fracture
porosity is a major sink for gathering the matrix flowntrdoution. The compaction numerical
simulations show oil production increases with compadbecause of the increased compaction
drive. As rock compaction increases, permeability and ggrdscreases. How the numerical
model software, CMG, builds the hydraulic fractlasificially increases the original oi-place
and decreases the recovery factor. Furthermore, gudtste impacts run-time and accuracy to
the model. Finally, outcrop adds value to the subsurface medRl careful qualitative
sedimentology and structural extrapolations to the sulzibiaproviding understanding between

the wellbore and seismic data scales.
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CHAPTER 1INTRODUCTION

The Wattenberg Field Integrated Reservoir Study is aegrgponsored by Anadarko
Petroleum Corporation (APC) in the Reservoir Chemazation Project (RCP)}a consortium
which spans geology, geophysics, petrophysics, completiodugtion, and reservoir study. The
Wattenberg project is the leading project in Phase XV ant Wkich has lasted five years. The
data collected for the research study includes nine-compeagmic, time lapse seismic, cores,
well logs, completion, and production. The central studg & the Wishbone Section, composed
of eleven producing horizontal wells in a square mile &esen wells are drilled in the Niobrara
chalk and four in the Codell sandstone. Using an extensiva gata from the Wishbone area, an
integratedUHVHUYRLU PRGHO ZDV EXLOW ZKLFK XVWR MXHENKIMB®
reservoir interpretation to forecast production. This mags evaluated against a previous RCP
numerical model by Ning (2017) to evaluate the value of anra@utto subsurface reservoir

interpretation.

1.1 Research Objective

The projectwas intended to determine the value of outcteubsurface geological
interpretation for dual-porosity compositional simulatimodeling. Specifically, the new model
involves the use of such model that includes eleven hudkzproducing wells in the Wishbone

Section of the Wattenberg field. The main objectivesHur projectwere:

1. AXDQWLI\ *UHFKLVKQLNRYDTV )1 RXWHURSHRWRGLFN

reservoir model for Well 1N well drainage volume in the Wistdsection, DJ Basin.

2. Construct the reservoir simulation model related to Hoe@ geologic model.



3. ,QFRUSRUDWH $0OIDW D LH U J Hifitérpretation kesGits i ¥ hufnekrided F W X U |

model.

4. Assess outcome ofthe WX G\ DQG FRPSDUH TX RlevemweNMWunvadcal Z LW K

model (2017).

To accomplish the project goalhe following steps were followed: (1) Quantifying
*UHFKLVKQLN Ry¥Fdbgival framework (2) assessing an existing 1D petrophydadal
set, (3) constructing a 3D static model, (4) utilizing hydatrcture interpretation results, (5)
constructing a numerical compositional mode), d@nducting history match of the wells and the
Section performance, and (7) evaluating the numericdein@sults against various engineering

measures. The workflow for achieving the project goals aremsuized in Figure 1.1.

N\

1D Petrophysical
Analysis

rechishnikuva
Geological

Framework

' ‘ + gn i Numerical
0 Property Modeling &
g History Matching

Figure 1.1: Steps to build the reservoir simulation model.nGfyaGrechishnikova (2017)
geologic framework, assess a petrophysical analysis, cohsir3D property modeltilize
hydraulic fracture interpretation, construct a numericahgositional modelconstruct history
match, and evaluate numerical model.

1.2  Study Area
$QDGDUNR 3HWUROHXP &RUSRUD \Wdake@rpythe&soMdIEh@EH U J V V
Colorado. Figure 1.2 shows the location a$ $tudy areaand Figure 1.3 displays the wells and

seismic data within the study area. The primary focus farehe numerical simulation study is



the Wishbone Section. The data for this study incladesmpilation from information from three

overlapping study aredsAnatoli, Turkey Shoot, and Wishbone Section.

US Interstate 7
Sterling @

~ Fort Collins
US Highway
~._ Loveland g
City
¢ ‘ Wattgnberg
Data Area Boulder Field
| Brighton

‘ DENVER \m

70

Castle Rock

Figure 1.2: Shows the study area in the Wattenberg Fieddifdd from RCP Spring Consortium
Meeting 2018).

A comprehensive dataset was compiled and provided by Anadaniaddam Corporation
that included well logs, cores, nine-component time-lapsamsgi microseismic, completion,
tracer data, and production data for use by RCP researchsesl a total of thirteen vertical well
with logs, existing within the APC dataset,niy research project. The well logs included gamma
ray, density, spontaneous potential, resistivity, densitggity and neutron porosity for thirteen
wells and one sonic log. Because of the lack of soms, la set of synthetic sonic logs was
constructed from neural network BRCP researchers for the remaining twelve wellkere are
eleven horizontal producing wells in the Wishbone sectiahhhave gamma ray logs used in the
study; three of treewells have formation micro imaging logs (FMI). The Figigs are from two

wells drilled in the Niobrara and one drilled in the Cad&®lls with core data are shown in orange



in Figure 1.3 with an orange box encasing the main coreusetl in the study. This core was
calibrated to the reservoir intervals, shown in Figure andl tested for water saturation wah
Dean-Stark Toluene analysis and permeabiliiie eleven horizontal wells in the Wishbone have
microseismic data recorded during hydraulic fracturing, tratza, hydraulic fracturing job
summary, and approximately four years of production datagridistic fracture injection tests
(DFIT) were completed on four vertical wells near the W@ne sectionPressure-volume-
temperature (PVT) analysis for one horizontal welhm Wishbone section was also incorporated

into the dataset.

([ ]
®
Core Well
Used
S
[ ]
L Grechishnikova
| Study Area
° Q\ |:| Anatoli 3D, 3C
® @ B . Turkey Shoot 3D, 9C, 4D
|
o [ ]
ce“tral Wishbone Section
Study Area
[ ] Wells w/ Sonic
N
? ! ® Core Wells
6 mi.

Figure 1.3: Anadarko Petroleum Company Study Areas in the Wetig Field (Modified from
RCP Spring Consortium Meeting 2018).

Figure 1.4 shows the horizontal well targets in the Ni@beard Codell formations with
their relative spacing from West to East. Seven wells veegeted for the Niobrara Formatian
one well targeting the Niobrara B chalk (Well 11N) andvsétls targeting the Niobrara C chalk

(Well 1N, Well 2N, Well 4N, Well 6N, Well 7N and Well 9N). Four weelvere targeting the



Codell sandstone (Well 3C, Well 5C, Well 8C, and Well 1@C)ell spacing evaluation of 1,200,
900 and 600 feet had been conducted by APC in Niobrara to agsmsal well spacing. Similar

evaluations for the Codell wells included spacing of 900, 95@B&a6adeet

The North-South cross-section along the well trajectoirya typical Niobrara and Codell
well is shown in Figure 1.5. Well 6N, targeting the C chaiss initially landed in the C marl, and
enters both the C chalk and B marl. The graben running\Eest through the middle of the
Wishbone section complicated the drill target for moghefwells in the section by entering an
upper formation in the Niobrara. Specifically, for WeN, over 20% of the wellvas landed
outside of the target zone. Well 3C, targeting the Codels landed initially in the Fort Hays
limestone, entered the Niobrara D at the graben, anddiis the Codell. Well 3C is over 60%
out of the target zone. Landing in the marl insteéthe chalk, or the limestone instead of the

sandstone, can be expected to impact both hydraulic fragtaind production from these wells.

W a ! Wells kickoff/target formation ! A E

(™)

ONONONONNO (™)

Niobrara D

@ O o O

Figure 1.4: Cross-Section of the Wishbone showing 11 hatatavells in their respective landing
targets (RCP Spring Consortium Meeting 2018).

Research on these datasets provided by Anadaake been investigated throughout

Phases XV and XVbf an integrated process. Research relevant to this studyésclnatural



fracture and core analysis by Dudley (2015) and Brugioni (2017i; gieological model with
outcrop by Grechishnikova (2017); hydraulic fracture simulatiynAlfataierge (2017); PP

seismic inversion by Utley (2017); and reservoir simulatioNimg (2017).

Lithologies
. CHALK
— MARL
FT HAYS

CODELL

CARLILE

Facies

- Ft Hays

Codell base

Figure 1.5 Well landing for a Niobrara and Codell well in the Wishbon®dified from RCP
2017).

The findings of Dudley (2015) and Brugioni (2017) were integrakpairthe model built
in Grechishnikovd V V 04 %.\ Dudley (2015) analyzed all three formation micro ina@gs
(FMI), and determined the dominant fracture orientatidmsn the FMI logs thatwere
incorporated into Grechishnikoyaviodel. Most of these natural fractures were interpretegan
or partially sealed. Brugioni (2017) completed a fracture stadipor cores surrounding the RCP
study area, shown in Figure 1.3, which determined right-latetréke-slip motion that formed
from a compressional stress regime, and normal, diprstifon formed from an extensional
regime. Mineralization events in the core provided evideoicrecurring movement. Brugioni
(2017) identified similar fracture characteristics betweerctire and the FMI logs: open, partially

filled with amorphous calcite, or filled with amorphouscda.
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Grechishnikova completed an outcrop study on the Niobranmdmn at the CEMEX
quarry outcrop (Figure 1.6) to calibratea subsurface model of the Anatoli study area, about 25
miles away. The framework for the discrete fracturevoet (DFN) subsurface model was built
around seismic interpretation tied to well log§ke outcrop fracture sets and characteristics were
calibrated to subsurface using well logs, microseismic andufedriver interpretations. The
facies types were differentiated using formation tops, aackgamma ray logs. Further analysis
Rl *UHFKLVKQLN Rdétaifel inPGhapiteO 2,LNAtural Fracture and Discretetbre

Geologic Model

Utley (2017) analyzed PP time-lapse response in seismmeetipiet the production effect
that unconventional wells may have from a pre-stack seiswgsdion in the Wishbone section.
Utley (2017) concluded that there was decrease in density dothiar western side of the
Wishbone. Alfataierge (2017) created a three-dimensional lycifeacture simulation for 11
wells in the Wishbone section that showed non-uniform hydrdacture growth, and proppant
concentration and conductivity propagated toward the maxinarinomtal stress and downward
from the horizontal well location in the Niobrarada@odell formations. This hydraulic fracture
model and interpretation will be discussed in more detaibection 3.3Hydraulic Fracture
Simulation. The non-uniform hydraulic fracture resuitsnf the model were utilized in NirfgV

(2017) reservoir simulation.

Ning (2017) created a geological model to run a dual porasitypositional numerical
reservoir simulation of 11 producing wells in the Wishbone.gNiistory matched reservoir
performance with uniform (homogeneous) and non-uniforrte(bgeneous) hydraulic fractures

to production volumes in order to compare how hydraulic fractumgsct the model. Upon



incorporating work from Alfataierge (2017), the early-time produrctiatan the numerical model

had a better match than the homogenous hydraulic fractures.

) “3&5 ¢ Wyoming| Nebraska Elevation depth [f]
| 15000
— 12500
- ~ 10000
& AN - — 7500

\ k ~. 5000

K . — 2500

9 5
N \_ -2500
\ -5000
\) s ) , -7500
RS
\ | ¢

4% | Colé}ado .
".';1 { o

9

' “' "'1 “’ "'5’ Watténberg Fle'fd \
Outcrop | |/ Do
tudy_Sitg A0 g
/[ \_/
!

Syncline
Basin Axis 10 mi

Figure 1.6 Topographic map showing the distance between the CEMEX carsdrthe RCP study
area. The location of the wrench fault zones (WKg)siown in the bottom right-hand side of the
figure (Grechishnikova 2017).
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1.3 Geology

The Wattenberg Field was initially identified as a comuia resource in 1970 with the
discovery of conventional oil formation, Muddy- “and Sussex-Shannon Sandstowsile
drilling exploration wells through these sandstones, thérdia and Codell were found to have
oil-cut mud; however, when attempting to produce from thproduction was dominantly
uneconomic because both Niobrara and Codell formatiawsextremely low permeabilitylhe
Codell sandstone, while low permeability, exhibits much greaeneability when compared to
the Niobrara Chalks. Next, due to an increase in oil angm@ess, and that the Codell sandstone
qualified for pricing incentives from the Natural Gas Polist of 1978 this opened up the
Wattenberg field to additional development programs. Througheutourse of exploration and
development programs in the 1980s, the Niobrara was ctadingitially or after production
declines (Hemborg, 1993%ince its inception into the Denver Basin, hydraulictireng has
benefited from technological advances that have inaldezeture efficiency, thereby allowing it
to unlock the low permeability potential of the Niobraralklzad Codell sandstone formations.
The Niobrara formatiors a self-sourcing formation composed of rich and matusecsarock that
contains 34 billion barrels of technically recoverable oil (Sonnegh2013). The Niobrara is
composed of the Smoky Hill member and Fort Hays limestasshown in the stratigraphic
column in Figure 1.7The Smoky Hill member is an interbedded chalk and marhdbion.
Niobrara B and C chalk benches are the primary tangebe Smoky Hill Member. Due to a top
erosional unconformity, the Niobrara A was eroded aivahe Wishbone study area. The areal
extent of the Niobrara formation in the Denver basitereds throughout Wyoming, Nebraska,
Colorado, and Kansas covering approximately 3,200 square stiesn in Figure 1.7. Due to

the incremental fracture efficiency of the Niobrarbe tCodell Sandstone has become the



secondary drilling target after the Niobrara. The Codalltight oil-bearing sandstone which lies

beneath the Fort Hays limestone.

i e
PIERRE SHALE Typical
Pay Depth
E 3 | SUSSEX (TERRY) SS ) 4300°
NEBRASKA L PIERRE SHALE {
'*‘ 4800
* 6800’
NIOBRARA “B”
A ¥ { SR
e i NIOBRARA “C”
e -~ g
: )
Denver Basin * ”.m;:g“ o 700
Structure CARLLE SHALE
Top Niobrara
0401- Sierra
Grande “*'
Uplift S -

Figure 1.7: Niobrara topographic map of the Denver Basin andiaksibstratigraphic column
from the Sussex to Dakota sandstortee Wattenberg field shows production in light red, East of
the Front Range (Sonnenberg 2013).

The Niobrara formation was deposited in the Westeraribit Seaway foreland basin
between the Turonian (90 Ma) through Campanian (81 Wa3;predominantly composed of
pelagic limestone (Dean and Arthur 1998).c%ilastics within the limestone are believed to be
from the erosion of the Sevier orogenic belt to thet\{leigure 1.7). Intermittent volcanic activity
resulted in the formation of bentonite layers throughtet Niobrara formation. During the
Laramide Orogeny, the basin was divided into multiple baiat encompasses the Denver,
Piceance, and Powder River basins. The compositioaabes in the Niobrara Formation of the
Smoky Hill Member between chalk and marl was caused byesehchanges in the Western

Interior Seaway. During periods of high sea level, warm wedetying organic content flowed
10



north from the Gulf of Mexico into the Western Inter®eaway, causing an increase in carbonate
production and deposition, and a decrease in the presaredtiwganic content that formed chalk
benches. During low water level, there was a higher presémmddowater from Arctic currents
which inhibited carbonate production, decreased depositidrinareased preservation of organic
content that formed marl benches (Locklair and Sage2688& Longman et al. 1998). The marl,
compared to the chalk, has greater amounts of preservadwmecgatent. On average, the Niobrara
is a transgressive sequence compared to the regressiile &adlPierre shales. In the Niobrara
the chalks were deposited during transgressive sequencemais] were deposited during
regressive sequences (Drake and Hawkins 2@EX3hown in Figure 1.8. During the Laramide
Orogeny, the region around the present-day Wattenberglééddmed into an asymmetrical basin

with a steeper western decline gradient compared to thereatecline gradient, as shown in

Figure 1.9.
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Figure 1.8: Displays the transgressive and regressive segubrmeghout the Niobrara formation
for the A, B, and C marl and shale benches, and tineHmys limestone. Regional sea level
changes are shown from Kauffman and Caldwell (1993) andIgdobtatic curve is shown from
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The Niobrara has undergone thermal maturation to beeos®df-sourcing reservoir, as
seen by the black dashed line in Figure 1.9 (Sonnenberg 2011) thwed Hie asymmetrical
geosyncline for the Niobrara. The Niobrara produces bathebic and thermogenic gas,
depending on the pressure and temperature of the sourcéVattkenberg field is situated in a
thermally mature region with an average depth of 7,500 deeft thickness that ranges from 100
to 300 feet thick (Sonnenberg 2013). The total organic carbon (TaDggs from 2+6% with the
greater concentrations of preserved TOC in the marl. T@g @ critical role in unconventional
plays, such as the Wattenberg field (Johnson, 2017). Thgemnoresent in the Niobrara is
predominantly Type Il kerogen, an oil-prone marine depddiErogen type based on the oil
produced from the reservoir and studies on hydrogen inaiéxdepth, such as Figure 1.11. The
source rock thermally matured due to the high pressure andregmmeef the overburden load,
and an anomaly that increased the temperature in the zowgeirg=il.7). The reservoir matrix,
according to Longman et al. (1998), has porosity between 1 -abd%ermeability less than 0.1
md. From petrophysical evaluation, chalks have a greatesiy with an average of 9 - 10%

compared to marls that have an average porosity of 7. - 8%

Figure 1.9: Cross Section of the Denver Basin showing thernogigeneration for the Niobrara
(Sonnenberg 2011).
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Figure 1.10: Western Interior Seaway in the Late Cretacéine period showing the flow of
arctic currents flowing south, warm gulf currents headimghn@nd sediment deposition from the
Sevier Orogenic Belt. Also, the locations for the DJ Basid Wattenberg Field are shown.
(modified from Roberts and Kirschbaum 1995)
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Figure 1.11: Niobrara kerogen type showing decreasing hydrogenwittedepth (Sonnenberg
2012).

The thermal maturation of the kerogen creates an afallyrover-pressured zone in the
Niobrara with pore pressure gradients ranging from ©.8567 psi/ft (Luneau et al. 2011)
Hydrocarbons have migrated from the source rock to lowesspre zones through faults,
fractures, fissures and horizontal bedding planes. Figur2 displays the pressure trend and

migration directions of the Denver Basin

The mineralogy of the Niobrara is predominantly compaxfezhicite, quartz, potassium
feldspar, and clay. Figure 1.13 shows the variability of tmeralogy throughout the Niobrara A,
B, C and Fort Hays. From the Berthoud #4 core in Figure tetfons that are chalk have less
than 10% clay content, and marl regions contain nuae 0% clay content. The greatest clay
content in the core is about 20%. Having a lower clayetinmakes the reservoir more brittle,

and, as a result, more conductive to hydraulic frasture
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Figure 1.12: Pressure trend of the Denver Basin displayingpvbe pressured zones of the
Niobrara (modified from Sonnenberg 20Elmodified from Weimer et al. 1986).

Figure 1.13: Mineral Content of the Berthoud #4 in the NicdbXSonnenberg 2012).
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The differencesn the mineralogy throughout the Berthoud #4 shows how variglaly
content can be in the Niobrara and explains thgeaaf brittleness and ductility of the green
ellipsoid region in the ternary diagram, as shown in EEgud4. The effective length for the
hydraulic fractuesis impacted by mineral content of the landing zone inNlwrara and the
relative ductility and brittlenes3he Niobrara, like all major U.S. unconventional shaleys,is
to the right of the ductile line, which indicates that daytent has the largest effect on ductility
and brittleness, as well as the ability to hydraulicallgtitee the reservoir. The ternary diagram
shows how areas that are calcareous rich, such asdbheahi chalk benches, will be relatively
more brittle than areas that are marlstone, sucthes\iobrara marl benches. Therefore, the

preferred landing zone tends to be in the chalk benchée dfibbrara.

Figure 1.14: Range of mineral content in the Niobrara ptayipared to other U.S. Shale Plays
(Sonnenberg 2012)
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1.4  Seismic Survey

The Wishbone section was the focus study area to deteifmine-component time-lapse
seismic can be utilized to understand more about hydrawdiciufing and production of
unconventional wells in Niobrara and Codell formatiores®ic data was acquired in the Turkey
Shoot area, which covers four-square miles surrounding thebdfie Section (Figure 1.3). The
seismic was acquired in three key intervals: before hydr&altturing, after hydraulic fracturing,
and after approximately three years of production. Figure shats the timeline of the seismic
acquisition dataSurface microseismic was acquired during the hydraulic fracfwperations,
which had 14 arms and 3,396 channels in a spoke-like pattern amayhe well pads, shown in

Figure 1.16.

Figure 1.15Turkey Shoot and Wishbone section development timeline.
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1.5 Production History of Wells

The eleven horizontal Wishbone wells have been producirayér five years. Figure 1.17
shows the landing facies for each of the eleven Wishbfis. Figure 1.18Figure 1.19Figure
1.20 and Figure 1.21 shows the production data for each efele broken into the following:
cumulative oil and gas production (MBOE), cumulativeppdduction (MBBL), cumulative gas
production (MBOE), and cumulative oil and gas production atimed by stage (MBOE). For
total cumulative production, Well 3kas produced the most while Well 10C produced the least.

Niobrara well production falls within the range of the ciletive production for the Codell wells.
18



Well 4N has produced poorly compared to all other Niobrara asi @odell wells because it is

landedin the topof the C marl and base of tkechalk Three of the four wells in the Codell have
produced less than the Niobrara wellse oil production of Well 1N has the least oil declitines

is probably due to greatest well spacing compared to the rese avels in the section. One

additional consideration is that the wells are complet#ld greater amounts of proppant and
tighter spacing toward the west, which could be one of teores the Well 1N is not producing

as much barrels of oil equivalent compared to Well 9N and W#lto the west.

10C 8C 5C 3C
11N 9N 7N 6N 4N 2N IN

Figure 1.17: Landing facies for eleven wells in the Wishbongosethat include the Niobrara
chalk and marl, Codell sandstone, Fort Hays limestomé,Carlile shale. The blue and yellow
ribbons show natural faults in the section.
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Figure 1.18: Cumulative productigMBOE) for eleven Wishbone wells over four yedsseater
oil and gas cumulative production is towards the west,ptxoe Well 3C.
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Figure 1.19: Cumulative Oil Production (NBB) for eleven Wishbone wells over four years
Greater oil production is to the east where the regeis/oiaintaining pressure above bubble point.
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Figure 1.20: Cumulative Gas Production (MBOE) for eleven Wisbboells over four years.
Greater gas production is towards the west of the section.
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Figure 1.21: Cumulative oil and gas production normalized byuh#ar of staged he general
trend shows greater overall production towards the westpefareWell 3C.
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Figure 1.22: Gas-Oil Ratio (MSCF/BBL) for seven horizontallsvim the Wishbone over four
years of production. The general trend is shows great® B®ards the west for Niobrara wells.
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Figure 1.23: Gas-Oil Ratio (MSCF/BBL) of the four Codell lwé@h the Wishbone over four years
of production. The general trend shows a greater GOR towardgdst for Codell wells.
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Niobrara Well 4N shows poor production performance comparte t@st of the Niobrara
wells, probably because the well is landed in the greatestirst of marl lithofacies. According to
Alfataierge (2017), marl impacts the geomechanical propeftibe diydraulic fractures. The clay
increases the ductility of the fractures, allowing foe fihactures to reduce in size or close,
decreasing the fracture conductivity at a faster ratettigrelatively brittle chalks. Well 4N and
Well 11N, from Figure 1.17, shows relatively equal amount efwkll landed in the marl. The
reason why Well 11N is one of the top producers, accordinggiord=iL.18, is probably because
Well 11N is completed with twice as much proppant as Well 4ithermore, Well 11N is landed

in the B marl compared to Well 4N in the C marl.

When production is normalized by the number of stageggur&il.21Well 3C and Well
10C exhibit greater production rates; this is probably duectodiatively greater well spacing to
the east of Well 3C and the west of Well 10C. Additionaliell 5C and Well 8C have shown

tracer communication with Niobrara wells above, whictlddurther impact well production.

Figure 1.22 and Figure 1.23 shows the gas-oil ratio for this wethe Wishbone section
split into Niobrara and Codell. The GOR increases wibhetinitially at approximately?
MSCF/BBL. The incremental GOR ranges between 10 - 30 VE&IFfor the Niobrara and 12
+25 MSCF/BBL for the Codell wells. The GOR increases towadvest throughout the sectjon

which corresponds to tighter well spacing and greater amotipteppant to the West.

1.6  Previous Reservoir Model Studies within RCP

Ning 1 ¥2017) static geologic model, shown in Figure 1.24, was builguse seismic
interpretation based on Pitcher (2015) and modified by tyingéeismic to the sonic logs. The
seismic data was further used to interpret 19 faults. Treehmocludes the Niobrara(marl, B

chalk, B marl, C chalk, C marl and Niobrara D), Codafigstone, Fort Hays limestone, and Carlile
23



shale. Gamma ray logs were used to further split each Naolager into low and high-quality
chalk or marl zones. Ning (2017) obtained reservoir proged&ng eleven vertical wells
surrounding the Wishbone. Ning up-scaled the model ¢oid size of 15 feet in the vertical
direction, and 100 feet in the horizontal directiotheTnumerical model is a dual-porosity,
compositional model built in CMG using a north-south east-Wastesian grid. Ning (2017)
constructed the hydraulic fracture models used in the nuahemiodel using generic uniform
(homogeneous) data, which was later adjusted to match regeeviormance. Afterward, Ning
(2017) incorporated Alfataierge (2017) hydraulic fracture anailygighe numerical model. Ning
(2017) history matched the model with matrix and fracturenpebility, relative permeability,
matrix size, and shape factor. Ning compared the (homaoggrand heterogeneous hydraulic
fracture models, infill wells, and enhanced oil recoveryhwenriched gas in the numerical

simulation.

Eker (2018) created a model (Figure 1.25) based on the imberdottween fluid
depressurization and rock deformation. Stimulated sleslervoirs consist of matrix, macro-and
micro-fractures, and hydraulic fractures. To accounthHerdeformation impact, a dual-porosity,
black-oil numerical simulator was developed to assessipact of rock deformation on long-
term production. The rock elastic properties for the rhedee obtained using petrophysica
analysis from Bratton (2018). (1)HU YV PRGHO ZDV EXLOW XSRQ SURGXF'
transient and decline curve analyses. (2) Hydraulic frageoenetry was estimated using decline
curve analysis for each well in the Wishbone, and a enadical model of fracture propagation.

(NHUYV PRGHO UH V xtonat\isindirnidroseisoi/rssdits bylVahite (2015). Eker

ensured the results were consistent between each thf deemethods.
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Figure 1.24 Cartesian geologic model with distance to the fawltstie Turkey Shoot area used

LQ 1LQJ T WNiRRERO

Figure 1.25: Eker (2018) black oil model for Well 1N in the Wishb@®€P Meeting 2017).
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CHAPTER 2NATURAL FRACTURE AND DISCRETE
FRACTURE GEOLOGIC MODEL

Grechishnikova (2017) built outcrop and subsurface models and ef@eh@in outcrope-
subsurface calibration on the subsurface model. The geofmyglel was used as a framework for
hydraulic fracture simulation and numerical modeling afereoir production. The following
chapter is a summary of work completed by Grechishnikova (20h€)outcrop model includes
the Smoky Hill member and Fort Hays from the CEMEX quarhe subsurface model includes
the Smoky Hill Member, Fort Hays, Codell, Carlile, and é@orn limestone with 560 feet of
depth. Grechishnikova uses smaller grid blocks near the natuitalffar increased transmissivity
resolution. Outcrop datasets used field observation, LI, photogrammetry. Subsurface sets
include seismic, microseismic, vertical and horizontalsweith petrophysical suites, and core

analysis.

2.1  Outcrop Fracture Network Analysis

The Niobrara outcrop provides an understanding of naftaeiure height, length and
distribution intensity in the Niobrara formation. Ratvas gathered throudield observation,
mapping, terrestrial point cloud LIDAR surveys, and photogramnagiplication to creatathree-
dimensional surface model with a dominant focus on draeprone lithofacies and structural
implications. The ongoing continuous mining of the outcropvidlies an opportunity to use
progressive, continuous, freslgraweathered outcrop exposures to determine dominant fracture

trends and orientations, fracture spacing distributispeet ratio, and fracture aperture and fill.

Dominant fracture orientations were measured for both dipuakiend angle stratified by
chalk or marl bench, and fill characteristics recordedcidscopically, the chalk and limestone
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formations were observed to have a greater number of fesctioan the marls. All four benches
contain characteristics of joint sets @hd J), and shear fracture setss(@d S), as shown in
Figure 2.1 The dip and azimuth for the each of the joint natueadtfire sets in the Niobrara are:
J. with an average dip azimuth of 34&nd a dip angle of 8&and J with an average dip azimuth
of 259 and dip angle of &1 The J fracture apertures, which are wider in the upper zoneshkan t
lower zonesof the lower Smoky Hill member, shows joints both partiaityl completely filled
with calcite mineralization. The 3et has open joints in the Niobrara chalk and maxdes, and
partially filled with clay minerals in the Fort Hays limese The joint fracture orientations and
calcite mineralization are consistent with observatioh®oth Allen (2010), and Collins and

Sonnenberg (2034The Codell was not incorporated in the outcrop study.

Figure 2.1: Schmidt Stereonet of Niobrara formation oaigon trends at the CEMEX Quarry for
dip and angle showing the four dominant trends @,JS and S (Grechishnikova 2016
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The shear sets are believed to be syngenetic with shéesif the quarry which strike
north-northeast, and are consistent with the eashe@st striking faults discussed by Allen
(2010). Shear fracture sets are:\@ith the same strike and dip orientation, andvéh the same

strike and dip orientation.

Maximum average fracture height for theJdand S ranged from two to seven feet, and
the S between 1 and 30 feet. In the Smoky Hill member, thekdieiches have a higher density
of fracture clusters and lithobound fractures compared tontde. The fracture swarms are
interpreted to be denser near fault zones, with incdedsesity towards the base of the member.
This behavior is interpreted to arise from the curvilinéapg of fracture planes associated with
the listric fault zongas shown in Figure 2.2 (Grechishnikova 2017). From photogrammetry, the
lower part of the Smokey Hill member and Fort Hays show teaietare through going fractures,

strata bound fractures and bed plane paribetures that occun rectangular patterns.

Figure 2.2: Shows the fracture swarms and negative flowartste for the Smoky Hill of the
Niobrara (modified from Grechishnikova 2016).
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Fracture aperture vasalong the length of the fractures, from zero and twbes, based
upon calcite mineralization and vugs. Aperture width idedtifat the CEMEX quarry is not
believed to be representatioé apertures in the subsurface due to uplift and unloading. Qutcro
fracture heights were grouped into strata-bound, litho-boanthrough-going fracturestrata-
bound start at 0.3 feet long, litho-bound averages ate2ddrg, and through-going height is up
to 120 feet long observed for through-goiAgpect ratio for these fractures had a very limited

sample size and were statistically uncertain; howekiey, need to be used for the DFN modeling.

Four fracture mechanisms are interpreted for the frastoioserved in the CEMEX quarry
(1) Laramide sub-horizontal compression that createdneir fault zones (Weimer and
Sonnenberg 1996) causing a basement block rotation (Weina¢r 398). Riedel shear faults
formed alongside the wrench fault zone creating shedts.f§2) The Laramide compression is
believed to have caused the & and S sets. (3) The post-Laramide extension created.thetJ
after calcite mineralization of tha 3et. (4) Listric normal faults formed negative, eversed,
flower structures. Figure 2.3 shows the Laramide compressidpost-Laramide extension. The
Wishbone section shows similar characteristics to tlsé-paramide extension, creating a graben

in the section.

Next, a surface three-dimensional geological modelax@ated in Petrel using 24 cores
with geochemical analysis, and the interpreted fraathegacteristics and mechanisms from the
outcrop. The surface structural model contains 3 majoltsfal0 formal and informal zones
(Sharon Springs, A chalk, A marl, B chalk, B marl, @l&hC marl, Niobrara D, Fort Hays, and
Codell), and two thin bentonite layers. The lithofadiesn the model were determined from the

24 geochemical cores, which were broken into five categaefined in Table 2.1. The vertical
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lithofacies resolution is defined by a vertical resolutbtwo feet. Truncated Gaussian Simulation

(TGS) was used to define the facies model between cores.

Figure 2.3: Flower structure created in the Niobrara faomashowing both the Laramide
compression and post-Laramide extension (Grechishnikova 2016).

Table 2.1: Defines the five categories of lithofacies lierXiobrara formation by Stout (2012).

Type Chalk (%) Clay (%)

Chalk 90 +100 0 +10
Argillaceous Chalk 70 90 10 £30
Marl 30-50 30 +£70
Calcareous Shale 10 £30 70 90
Shale 0-10 90 +100

Fracture intensity and discrete fracture network (DFN) nmiogelas completed in the
surface three-dimensional model. Fracture intensity aksikated with TGS for each fracture set
(&, b, S, and ) in two separate zones with the following order: chiati&nsity within the chalk
zones, and, then, marl intensity throughout the Niabrfaracture intensitiesere calculated from

the fault zone with the greatest fracture intensitypedd to the fault. The DFN model was created
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using: azimuth and dip for each of the fracture setstura intensities for chalks and marls,
constant aperture and geometries for facies-bound aodgtitgoing fractures, and aspect ratios
for chalks and marls. The surface DFN was compared to ith@dda Formation at the CEMEX

guarry to validate and quality control the DFN.

2.2  Subsurface 3D Geological Framework

The subsurface three-dimensional model was completeaeofriatoli study area, which
covers 10 square miles using seismic and well. d&tdnin the Anatoli study area, the Turkey
Shoot area was used to create a simulation m@tethishnikova (2017) geological framework
was built with depth-converted seismic to map horizons amitsfehroughout the Anatoli study
area Well ties and same-depth relationships were used to conigrtiselata from time to depth
domain to tie horizons. The well tiessseismic showda correlation of 0.81 and 0.84. The velocity
model was created based on 115 vertical and horizontal amdisl2 time-depth relationship
curves. When utilizing horizontal wells, there is anpstiid of uncertainty surrounding the
horizontal wells with +/- 20 feet at the heel and +/- &t fat the toe of Niobrara targeted wells in
accordance with suggested uncertainty by Buchanan et al. (2013)

The geological model was built with a structural framewtbek incorporates 19 faults and
9 layers (A marl, B chalk, C chalk, C marl, NiobraraHort Hays, Codell, Carlile and Greenhaorn)
The Wishbone area contains natural fractures from omatural faultsThe gridwas setup with
most of the vertical resolution ranging fromi® feet, and horizontal resolution of 100 feet in
orthogonal directions. Pillar griddingas used to start at the faults, and grid away from thesfau
in a N70W direction, shown in Figure 2.4, to increase reisolatf flow away from the faults.

The lithofacies in the model were determined from gammdogs and formation tops

which were broken into five facies types in the same ag§rechishnikova (2017): chalk, marl,
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limestone, sandstone and shale. Gamma ray was only use@tmidetthe facies because there
was very low frequency difference between the chalk and mathe acoustic and elastic
impedance volumes. Furthermore, the Niobrara classifit&om Stout (2012) assimplified to
two types: chalk or marl for a simple comparison betwa#orop and subsurface models. The
Niobrara formation was targeted because of the amowxpofsure at the outcrop and deposition
process of the Smoky Hill member (interbedded chalks art).nCore, logged and correlated to
gamma ray, was used to determine the gamma ray cut-offdtksobr marls, and TGS was used

to determine lithofacies between the wells.

Figure 2.4: Geological framework grid structure in the N70W griglation (maximum horizontal
stress) pillar gridded away from the faults designed to eehanomerical simulation along the
faults.

2.3 Outcrop to Subsurface Calibration
Issues with outcrop to subsurface calibration can arieen:frsurface weathering,

mineralization in fractures from minerals not in the sulasar, subsurface fracture creation from
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uplift, unloading and exposure, small or poorly exposed outcrdggositional environment
differences, burial history differences, and diagendifferences Gde et al. 2014). In the
geological framework study, surface weathering and vegetatpect is limited because CEMEX

is an active quarry with little time for surface weathgrand vegetation to impact the outcrop. To
inhibit the adverse impact of fractures relatedlasting and mining operations, only fractures
with signs of calcite mineralization and sense of motene only included M UHFKLVKQLNRYD'
study according to Gale et al. (20LBoth tectonic regimes of the Laramide compression and
post-Laramide extension were similar for the outcrap thle subsurface in the Wattenberg field
However, it is expected that the asymmetrical shapeliffiedent overburden of the Denver Basin
will impact the magnitude and stress at surface compared surfate that creates different
relative intensities and apertures of the fractuBagicrop to subsurface calibration was broken
down into six steps using image logs, microseismic antuiraariver comparison: 1) subsurface
fracture data interpretation 2) vertical and laterattfree orientation 3) surface and subsurface
fracture set comparison 4) fracture intensities for dediure set 5) fracture intensity based on
lithology and distance to faults, and 6) subsurface taopittomparison. A calibration flow chart
was used by Grechishnikova to systematically guide the sudacdsurface calibration in Figure
2.5.

Two FMI logs from the Niobrara were interpreted alongsioi® to identify major fracture
mechanisms. Two main orientations were determined usingteheo-net plot to correlate to the
outcrop: strike of 269and dip of 83 correlates to the, Joint set and strike of 242nd dip of 58
correlates to thesSshear set. Both the jpint set and the sSshear set could not be statistically

validated from the FMI logs as they are in parallel i horizontal wellbores.
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Figure 2.5: Outcrop to subsurface calibration flow chart (Greolkeva 2017).
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Natural faults and open joints reactivate at lower presscompared to virgin reservoir
matrix rock during completions (Grechishnikova 201Mjcroseismic event clusters appear in
areas of virgin rock with less natural fracture intensityce natural fractures can absorb and
transmit energy, which results in lower microseismitvayg (Grechishnikova 2017)There are
two trends from the microseismic data: N70W maximum hor&éamttess direction and along the
% joint direction. S and 3 conjugate shear fracture sets are varying in orienttiatraligns with
the 60 angle at the quarry from the local negative flower stmec The full comparison between
the four fracture sets is displayed in Table 2.2.

Table 2.2: Displays the outcrop strike and dip angle comparéide subsurface strike and dip
angle from the FMI logs (Modified from Grechishnikova 2017).

Fracture Strike (Degrees) Dip (Degrees)
Set Outcrop Subsurface Outcrop Subsurface
J1 255 269 81 83
J2 169 181 81 66
S3 156 125 48 56
S4 216 242 78 56

Fracture driver calibration from outcrop to subsurface usedfridicture density and
intensity variation with lithology and distance awfaym the natural faults and fractures at the
surface to the subsurface. Mechanisms that controlled feadewelopment observed at surface
are assumed to have occurred syngenetically and codttbéiefracture development observed in
the subsurface. From the surface date, chalks have Haihdiind and through-going fractures,
marls only have through-going fractures, and limestonesirtohed-bound fractures. FMI logs
and cored wells show both lithobound and through-goingurastin the chalk and marls of the
Niobrara. FMI logs show that the range of distancaHerimpacted zone from faults is up to 350
feet in the subsurface compared to 30 feet at the autdihe large discrepancy in distance is

thought to be from negative flower structures size andwthesponsible for the difference between
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the fracture zone of approximately 2 feet at the surfaogpared to approximately 60 feet at the
wellbore. Natural fracture spacing is less in the chakches, a relatively brittle material,
compared to the marl benches. FMI logs interpreted thealdractures to be open, partially
sealed or sealed fractures in the subsurface (Dudley 20ifargo the outcrop. The FMI logs
for both Niobrara wells, Well 6N and Well 2N, are displayefigure 2.6 with lithofacies types
and natural faults in the Wishbone. Figure 2.7 shows théufeaintensity with respect to the

Wishbone section and FMI logs.

Figure 2.6: Displays the lithology for each well, FMI log ¥ell 2N and Well 6N are landed in
the Niobrara, and natural faults in the region.
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Figure 2.7: Displays fracture intensity of the Wishbone (Gistmikova 2017)

2.4 Natural Fracture and DFN Modeling

Fracture intensities were mapped from FMI logs for througheg@and litho-bound
fractures excluding the fault zones. Intensity propesiere created forJb, S, and S sets, and
distributed between the wells using TGS in the Niobrara Fbrt Hays and Codell fracture
intensities were determined from outcrop and calibredede subsurface. They were normalized
for the lateral grid size of 100 feet in orthogonalirmmtal directions. The fracture intensity range

is 350 feet, from the FMI logs

The discrete fracture network (DFN) model requires dipctdor and angle of the four
fracture sets, fracture intensities, fracture lengtpeeisratio, and fracture aperture. Length and
aspect ratio were determined from the outcrop. Naturaliraetperture was assumed to be 1E-06

feet for the model. A DFN was created for each fractetéls b, S, and ), in both the chalk
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and the marl lithofacieis the model. After the DFN model was created, the results eampared

to well logs. Figure 2.8 shows an example cross sectionelf 8; one of the wells that have
FMI in the Niobrara, with discrete fracture network daier on top of the fracture intensity and
lithology. DFN, according to Grechishnikova (2017), can show wigidy fractured zones exist
to engineer completion volumes and rates. Naturalttdrad zones could be reactivated with less

fluid and areas with low fracture intensity could use &oitktl stages.

Figure 2.8: Displays Well 6N cross section for a) FMI Iibgcture intensity and discrete fracture
network and b) FMI log, lithology and discrete fractasgwork for the model (Grechishnikova
2017).
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CHAPTER 3RESERVOIR MODEL DETAILS

The reservoir model was built from the Grechishnikova (2017pgew! framework into
a 3D property model. The 3D property model was built with a 1Dopbkysical analysis
extrapolated from vertical wells in and around the Wisklsaction. The permeability and water
saturation were determined from MICP and Dean-Stark toluealysesy The completed 3D
property model was used to determine the non-uniform hydrauliwifes; and these fractures
were used in the reservoir simulation. The resenmiukation was built to understand the value
of the outcrop model built by Grechishnikova (2017) by compansiim Ning (2017) dual-
porosity, compositional model.
3.1 Reservoir Parameters

The 3D property model was constructed using pillar gridding aveay the faults to allow
for the greatest resolution near the faults and iretimes of interest. The model has a height of
600 feet and a spatial area of 10,000 feet by 10,000 feet. Thenahdrid cells in the xy-, and
z-directions for the full model is 153, 152 and 135, respectivdig Niobrara and Codell have a
maximum thickness of 400 feet and 200 feet, respectivelyh€iglht was varied from 2 to 6 feet
to provide maximum resolution along the faults, and the I&moky Hill member and Codell.
The average cell size in the x- and y-directionslfx@ feet. The density, gamma ray, effective
porosity, and resistivity were up-scaled from the well logasdd by the one-dimensional
lithofacies using the arithmetic method. Sb@roperties were scaled to fit transformed property
values according to the lithofacies type within each &mwninformal zone. The lithofacies model
was built using the Gaussian random function with an anptiange of 6500 feet by 6500 feet

in the x- and y-direction, and 2 feet in the verticaédiion using a spherical variogram between

39



up-scaled well logs. The lithofacies for each of thenfal and informal formations are shown in
Figure 3.1

The Gaussian random function simulation is completed antlanisotropy range of 500
feet by 500 feet in the horizontal direction and 2 faehe vertical direction with conditioning to
the facies with a spherical variogram betweerugrecaled logs for each property. The anisotropy
is roughly five cells in both the x- and y-direction, am# @ell in the z-direction. An example of
the up-scaled logs is shown in Figure.&thce the reservoir is above the bubble point pressure,

the reservoir is determined to be oil-water two-phasteBys

Figure 3.1: Facies distributed throughout the model fronap®f the Niobrara to the Greenhorn
shale.
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Increased Resolution through target zones

Increased Resolution through target zones

Figure 3.2: Log upscaling of each property for the model wighdri resolution surrounding the
natural faults and the producing zones for increasedutesofor numerical simulation.
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The petrophysical analysis was completed using twelve akstiells surrounding the
Wishbone section and one vertical well in the Wishbongae The well logs that were included
in the analysis were caliper, gamma ray, resistivity, §p@ous potential, neutron porosity,
density porosity, density, neural network derived synthstinic, and neural network derived
synthetic shear-sonic. Eleven horizontal wells with ttajees and gamma ray logs were also
included in the petrophysical analysis. A core and assdciaigs were used to determine
permeability and water saturation. Both core and well logs weexl to determine both
petrophysical and geomechanical properties for reservdihgtraulic fracture simulations, and
subsequenty FRPSDUHG WR WKH RBlIZ)HanAlysid Gie Irés@rydjrvsimulation
parameters calculated included shale volume, effectivesjty, water saturation, horizontal
permeability, vertical permeability, distances from thdtfa and relative distances between the
wellbores. The properties calculated for uséhydraulic fracture simulation software include:
effective permeability, vertical Biot coefficient (Bi%/), brittleness index (BRD VW DWLF <RXQJT

modulus (YMES) 3R LVVR @RY ptdb&e¥g kdde stress (PZS), and net pay.

Shale volume is calculated using the gamma ray indeiaee shale volume correlations.
Shale volumes were based off the instantaneous gammaltgey relative to the minimum and
maximum values, as shown with Equation 3.1. The volunghale was compared to core for
three shale volume correlations using Steiber (Equ&ti®)) Larionov for older rocks (Equation
3.3) and Clavier et al. correlations (Equation 3T4e closest correlation for the volume of shale
compared to the core was Steiber, which was utilized for testrvoir and hydraulic fracture
simulations. The shale volume for the static geologclel is shown in Figure 3.3 throughout the

Wishbone and Turkey Shoot area.
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Gamma Ray Index was calculated from the gamma ray log e gamma ray index
(Ier), instantaneous gamma ray log measurem8/iog), minimum reading on the lo@GRmin),
and the maximum reading on the gamma ray B&y with Equation 3.1 (Asquith and
Krygowski 2004).

)4gad ) 4ava
)4a0eF ) 4aua

el uas;

Shale volume fraction was calcuddtusing the Stieber (1970) correlatjiarsing the shale

volume (\shal9 and the gamma ray indexg) with Equation 3.2

e N
() ¢ g - + 11 ,
8006k UFt Hagt uat

Shale volume fraction was calcuddtusing the Larionov (1969) correlation for older rocks
than Tertiary, using the shale volumex{M and the gamma ray indexg) with Equation 3.3.
8.06kg rdu H:t8HA F s ‘Udu;
Shale volume fraction was calculated using the Claviat. €1971) correlatiorusing the
shale volume (Va9 and the gamma ray indexf) with Equation 3.4.
5
8.06ky SAYHHAZF (HeF ray CUav;

The effective porositys determined from the density or neutron porosity usingréga
2017). The effective porosity is shown throughout Figure $i8.Jodell has the greatest amount
of porosity, followed by the chalks of the Smoky Hill membEhe water saturation was initially
calculated using the Archie equatjtat because the Niobrara and Codell formations havengaryi

amounts of clay content that impact the water saturgidoveton 2001) in both the Niobrara and
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Codell formations, the Simandoux correlation was useder&e Simandoux correlations were
calculated, but the correlations were poor, an exangulat®n is shown with Equation 3.8s a
result, the Dean Stark Toluene analysis was used for wati@ration as a single value for each
facies. The water saturation for each facies was detednising the Dean-Stark Toluene analysis
on a core from roughly 5 miles away. The Dean-Stark Tolugmaation method uses a crushed
core, heated at three temperatures (Z50600°F and 1300°F) to extract fluids in the pores,
capillary clay water and structural water, respectivelyth&t initial temperature, the free water
and gas from the effective porosity is removed. At #erd temperature setting, the rest of the
gas-filled porosity, and capillary bound water and oil is heate@f the core sample. The volume
of oil from the second temperature is added to the effgotikesity to determine the final effective
porosity. At the final temperature, the structural watan the matrix is removed to get the final
value for water saturation. The Dean-Stark toluene ebidra cannot identify the difference
between reservoir fluids and other fluids that may hewataminated the sample, so core
preservation is paramount when it comes to this type ofr\wataration analysis. While the Dean
Stark toluene extraction curves and volumes would have éeteemely helpful to corroborate
effective porosity from the petrophysical logs in the Mdisne, unfortunately, this dataset was not
provided. The water saturation for each core plug was detednaind recorded from the core well
The core plugs were identified by facies type and averagechélk, marl, Fort Hays and Carlile
to determine the water saturation for each facies. TuelCwas not present in the core well and
the waterVDW XUDWLRQ IURP 1L Q@udwatd? BafukationZdD tie Yaolddgical model

are shown in Figure 3.3. The water saturation for the nmisdklown in Figure 3.4
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The correlation from Barree (2017) determines the etfeqgiorosity, with the effective
porosity(¥%#), neutron or density porosity¥ and shale volume (\agd with Equation 3.5.
Ogud @aazw H's F Boonroe ruaw;

Simandoux correlation was used to determine the water satu{8te), effective porosity
( "efr), resistivity of formation water (i, resistivity of the rock (R, resistivity of the shale @9,

and shale volume @§4ad with Equation 3.6.

ravd . w
Sl é4 QUUF,auorsp@OF 0ong UAX:
0®uu 4e 4. 4oorg j|uo

Figure 3.3 The effective porosity was calculated and extrapolatedsa the model (top right),
and water saturation (bottom) with a geostatisticstbas¢rapolation between the vertical wells
with the random Gaussian function.
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Figure 3.4: Water Saturation was calculated across the inaskedl on Dean-Stark toluene analysis
between the vertical wells with the random Gaussian function

The horizontal permeability is determined from the cotté Wieasreceived permeability
measurements from the core analysis. The horizonthlvartical permeability as averaged in
the same wawpsthe water saturatigrihe horizontal and vertical permeability was averaged in
each lithofacies and compared to the model built by Na@4. 7). From comparison between the
two cores, on averaggf/ KH FXUUHQW FRUH KDV D JUHDWWHHIGSIHYRHDET
model. Mercury injection capillary pressure (MICP) teg&se also used to determine the matrix
permeability. The permeability values for each facies waspared with the core and the MICP
permeability. From MICP, it was determined that the corenpability measured in the lab was
too large. The exceptions to this determination are low gamaynehalk and high gamma ray mar|
in the NiobraraThe Codell sandstone was not contained in the coreetaaed from Anadarko,
and asaresutWKH SHUPHDELOLW)\ IUR P. THe@i3dr&patidy Geth@ed tzezde X VH G

used for the analysis in this study and the coreQuséR U 1L QJ 1 \s tBeCaaiabiity \Yo
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Anadarko data. When translating to Grechishnikf¥acies, theasreceived permeability from
core plugs was averaged in each facies to determine thegaveoaizontal permeability. The
horizontal permeability is displayed in Table 3.1, and shextrapolated across the facies in the
model in Figure 3.5The vertical permeability is assumed to be 1/100 of thezdwial
permeability based on a highly laminated core and literaBagde 2017; Simpson et al. 2016;
Armitage et al. 2011). Re well spacing and the distance from faults were determmdatientify
zones of greater fault compaction near the wellbordymtion, which, in turn impacts production.
Both were used in the numerical simulator, CMG, and ave/shin Figure 3.6.

Table 3.1 Horizontal permeability comparison between the core usedling  {2017) model

and permeability used for current model.
Model Comparison Ning Core - AR MICP Model
Low GR Chalk (md) | 4.18E-03

High GR Chalk (md) | 1.52E-03 2.74E-04 | 5.60E-03| 5.60E-03
Low GR Marl (md) 1.90E-03
High GR Marl (md) 4.33E-04

4.04E-05 | 5.76E-05| 5.76E-05

Fort Hays (md) 3.25E-05 1.78E-04 1.78E-04
Codell (md) 1.30 1.30
Carlile (md) 1.04E-03 1.62E-05 1.62E-05

Figure 3.5 The figure on the right shows the variatiorthe horizontal matrix permeability with
formation and lithofacies used in the numerical sinaulafhe permeability in decreasing order is
the Codell sandstone, Niobrara chalk, Niobrara mamilil€ shale, and Fort Hays limestone.
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Figure 3.6 The figure on the left shows the distance betweenleacrontal well in the Wishbone
for reservoir simulation and the figure on the leftnigiees the distance away from the fault into
separate zones for fracture intensity and reservoirlgtion.

The properties calculated for use in hydraulic fracturingtiwsot were the Biot
coefficients, BRI, YMES, PR, PZS, effective permeap#itd net pay from well logs, DFITand
flow analysis. The sonic and synthetic sonic logs werd ts@etermine PR, YMES, BRand
vertical Biot coefficient to help determine the clospressure The effective permeability was
calibrated with a DFIT test from one-mile away. From fout'Diests, the initial shut-in pressure
(ISIP), closure pressure and process zone stress are determinég-Runction plots and square-

root plots. The pore pressure and effective permeabilitgdetermined by pseudolinear analysis.

Closure pressure is crucial in hydraulic fracturing becdluss pressure is necessary to
overcome the minimum horizontal stress, tmdhitiate a hydraulic fracture. Hydraulic fractures
propagate in the direction of the maximum horizonta¢sstrby overcoming the minimum
horizontal stress. In the Wishbone, microseismic d@i@vs the maximum horizontal stress
direction is N70W. The equation to calculate the closurespresis based on poroelastic
coefficient, tectonic stress, and regional stranshown in Equation 3.7. Stress and strain
measurements are used to calibrate the closure pressute dPRIT test integrating an

understanding of the geologic setting. Since the DJ basindsrgoing regional tectonic strain
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from the Neogene extension, calibration of the closueesure with a negative strain may occur.

The VRQLF DQG VIQWKHWLF VRQLF ZHUH XU K& ERrtich B8 HUPLQF
3RLVVRQ Y VEgUBtWHL3R, ardwh&ratio between the shear and cosigorakvelocity with

Equation 3.10The horizontal Biot coefficient is set to one and theic@l Biot coefficient was

calculated with Equation 3.11. The overburden pressureesnieed from the overburden stress

gradient and the rock densitgs shown in with Equation 3.12. The pore pressure is estimate

based on a 0.6 psi/ft gradient for reservoir depth. The paesure was determined from the

gradient and the total vertical depth with Equation 3.13.

The closure pressuredRvas determined using tH&R L V V R GV),\overbuwldnressure
(Pob), pore pressuréPy), vertical Biot coefficient y), horizontal Biot coefficient 1), regional

strain ) <RXQJTV ER &H @ectovic stress)) with Equation 3.7.

2L FR%a0F W2:7E B2 E X' E & uay;

Young's modulus was calculated from bulk density),(ratio between shear and

compressional velocity (R), and the compressional itglgbTC) using Equation 3.8.

"L suvVvés i ‘uaz;
P @6 4:4 Fs ' ’

The Poisson's ratio (v) was calculated using the ratiwdsn shear and compressional

velocities (R) with Equation 3.9.

4 F
‘14 F
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The ratio (R) between the shear (DT&)d compressional (DTC) velocity was calculated
with Equation 3.10.

& &6°

Y

D,

The vertical Biot coefficient was calculated)and porosity @ with Equation 3.11.

UL ¢a> CUSiS

The overburden pressureqfPwas calculated using the vertical depthyDand the

overburden density ) with Equation 3.12.
Zaol &ddo L usit;

The pore pressure was calculated using the total vertipah @By), and pore pressure

gradient(Ppg) with Equation 3.13.
e L &eeq L usiy

The brittleness factor (Bwas calculated is the brittleness factor, Young's mad(E) and

Poisson's ratio (v) with Equation 3.14
$sLrays F swvdaR Eraw siw a

Using DFIT analysis from four vertical wells near tkiéishbone section that were
completed by Haliburton and Reservoir Development Consultimgpdore pressure ranged from
0.57 to 0.62 psi/ft, closure pressure ranged between 0.70 to Qff4apsi the ISIRvas 0.82 to
0.83 psi/ft. The regional tectonic strain was calibrated tdlB6 using Equation 3.7. The leak-off
type for the Codell formation was normal matrix, while tkak-off types of the Niobrara are

transverse storage and pressure dependent leak-off (PDL)effEutive permeability for the
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model was determined by matching the effective permeabilithefDFIT with the effective
permeability from Equation 3.15 for the Niobrara. The e¢ffegermeability(kerr) was calculated
using the permeability multipligKmur), the effective porosity 1), and permeability exponent

(Kexp) With Equation 3.15 (Barree 2017).

Gud Genclriy : LBA

The properties were up-scaled along the wells in a sifatdrion to the up-scaled well
logs for numerical simulation<RXQJYV PRGXOXV 3RLVVRQTV UDWLR &
permeability, and net pag R X QJ TV P&RGIFOLVW R Q&nd ebidbtivelpermeability wer
up-scaled using the harmonic averaging method biased withhb&aties. The CFOP, PZS and
net pay were up-scaled using the arithmetic averaging metiased on the lithofacies. The
properties were distributed with the Gaussian random funstiaulation between up-scaled logs
using an anisotropy range of 500 feet by 500 feet in the x--aiv@gtion and 2 feet in the vertical
direction that utilized the data with a spherical vgréon based on the data analysis. The Gaussian
function used best depe the reservoir heterogeneity for rock strength relatecmpeters
(Deutsch 2002) VXFK DV &)23 3=6 <RXQJTV PRGXOKNHF3IRLYHN R (
permeability. Small nugget values were used to extrapolatéatiaesince the structure is locally
continuous (Syrjanen and Loven 1999 sill of one was used, where the inflection point of the
data occurs (Yarus and Chambers 2006). Figure 3.7 shows themtifdretween sill, nugget and
range for extrapolation of values throughout the 3D malded. heterogeneity from the Gaussian
function were used for the hydraulic fracturing 3D model, asrileed in section 4.3 Hydraulic

Fracture Simulation
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Figure 3.7: Displays the difference between the nuggetasdl range in random Gaussian
simulation (Johnson 2017)

3.2  Dual-porosity Compositional Flow Model

A compositional numerical model was created to forepastiuction in the Wishbone
section utilizing CMG numerical modeling software. The flamdation incorporated the static
geologic model and production data to create a history mahehstatic model covers over four-
square miles with a thickness of 560 feet, and includes 1%ah&ults which is shown in Figure
3.8. A dual-porosity model is used to incorporate the porosityixrand the natural fracture$
the reservoir. The dual-porosity model also incorparéte permeabilitydr both the matrix and
fractures. The matrix, relative to natural fractuless a greater porosity, or storage capacity, but
less permeability. The storage capacity ratio, according tweWand Root (1963), is a function

of porosity compressibility and thicknes3he storage capacity ratio increases with fracture
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compressibility and porosity. The permeability differebednveen the matrix and natural fractures

in tight reservoirs, such as the Niobrasagreater than conventional reservoirs. Transmigsisit

a function of fracture permeability and fracture width.ri&a and Root established Equation 3.16

which represents the relationship between matrix and feapenmeability in a naturally fractured

reservoir model. The shape factor is used to modelnteeporosity flow within the numerical
simulation. Interporosity flow is fluid interactionetween the fractures and the matrix. The
LOQOWHUSRURVLW\ IORZ FRHIILFLHDNFWRKDYW URDONAH V) XSSHRIF HADE

fracture permeabilityks) and well radius () in Equation 3.16.
aL éﬁ% L UBE

Warren and Root displayed the first shape factor, Equatibf followed by Gilman and
Kazemif {2983) modification to the shape factor, Equation 3.18 thatis@sto model production
forthe INwell :DUUHQ DQG 5RRW 6KDSH IDFWR UDHWRIMW 1R QDW & DRAD \
block length (L) in the x-direction, y-direction anddizection in Equation 3.17. Kazemi and
Gilman shape factor modification that reliesRilQ WKH VKDSH IDFWRU 1 DQG PDW
in the x-, y-, and z-direction in Equation 3.I®e fracture spacing increased away from the natural

faults, which signaled an increase in shape factor tovwaedfaults.

‘LtrFEESESG T8y
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The numerical model utilizes input from pressure-volunmeperature (PVT) analysis

within the Wishbone section, initial reservoir pressim@iom-hole pressure for rate constraints
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for history matching, initial porosity for both the magrracture and hydraulic fracture, matrix
and fracture permeability constraints, relative permegbilfthase saturation, rate-transient
analysis, and compaction of the matrix. Table 3.2 displagsesults from the datasets for the
initial input into the numerical simulator from the dat#éhe following sections. The PVT analysis
was lumped to decrease the number of components in tthel moh WinProp, a phase behavior

and fluid property modeling software. The initial reseryoéssure was basea the results from

DFIT data.

Figure 3.8: Dual-porosity model with heterogeneous hydrauliduras and natural faults on
orthogonal four-corner point grid for the 11 horizontalls in the Wishbone section.
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Table 3.2: Displays the initial values for the numerisimhulator for the matrix and fraceir

chalk and marl facies of the Smoky Hill member andRbe Hays limestona the Niobrara.

Property Initial Model Values (Niobrara)
Chalk Marl Fort Hays
“ugzat e sy(md) 5.60E-03 5.76E-05 1.78E-04
“ug (md) 5.60E-05 5.76E-07 1.78E-06
“caz &ave {md) 0.1 +0.75
Ks, et (Md) 3.84E-03 1.31E-04 2.53E-04
I. 0.09 0.08 0.08
(K= 0.001
Swm 0.33 0.41 0.32
Swi 0.1 0.1 0.1
%60q « %60g L/ 1) 1.00 E-06
Initial Pressure 4205 +4330 (0.57 psi/ft) |4330 - 4350 (0.57 psi/t
Shape Factor 1.00 £5.00

3.2.1 Reservoir and Surface Pressures and Temperatures

The production nodes for the flow path in the simulastart at reservoir pressure and
temperature and end at atmospheric temperature and pres®ireajbor points along the path are
the reservoir, stage 1 separator, stage 2 separator, anehaumtgEssure and temperaturébe
initial reservoir pressure was based on the averageupeegsadient from the DFIT analysis. This
zone is over-pressured calculated using Equation @itl2 an overburden of 0.520.62 psi/ft
and a total vertical depth (TVD) ranging from 7335 to 7631 feet. rfEBervoir pressure ranges

from 4,250 £4,750 psia, depending on the DFIT data, throughout the Naofwemation.

The reservoir temperature was determined to be’R24The reservoir pressure and
temperature were used for recombination in WinProp. Theratepastages were input into the
model, which is an addition to Ning (2017) model. Using seperatil result in a greater amount

of oil production from the model than surface conditibasause there is a greater amount of the

55



light hydrocarbons in a liquid-state at separator conditibzuss ambient conditions from a greater
pressure. The final pressure-temperature node in the moa®bi®nt temperature and pressure
conditions. The stage 1 separator was run at 153 psia &rd &@d the stage two separator

conditions are at 50 psia and 2B5and atmospheric conditions are at 14.7 psi aff.60

3.2.2 Pressure-Volume-Temperature (PVT) Analysis

The compositional model incorporates PVT data from the hwitle the Peng-Robinson
equation of state. PVT data available from the sepap&itell 1N includes multi-component gas
and fluid mixturesof both hydrocarbons and non-hydrocarbons. The API gratitige oil is 42
at reservoir temperature and pressure. The reservosupegsas a pressure gradient of 0.57 psi/ft,
and averages to be approximately 4,250 psia. The reservgeraiure of 24%. Under these
initial conditions, he oil phase is completely in the fluid region above lthéble-point pressure
of 3,729 psia \ad temperature of 246. This makes the initial reservoir conditions a twosgeha
oil-water system. Figure 3.9 displays the phase enveloperticd! point for both the PVT report
and lumped components. Lumping components decreases rudatirtiee model. Furthermoye

Figure 3.9 shows the initial reservoir and separator presandeemperatures.

The production data from Well 1N is mostly composed of nmethathane, propane and
butane. Table 3.3 displays the reservoir compositioRdoraut into nitrogen, carbon dioxide,
hydrogen sulfide and hydrocarbons broken out into 35 componemtthé-cecombination, the
components were combined down into 7 components grou@agand CQ and HS; C1 +C3;
iC4 £nC5; C6 £C12; C13+C18; C19 £C24; and C25+C30+), which are displayed by the

highlighted cells in Table 3.3 and relative molar amountgare 3.10.

Figure 3.11 to Figure 3.13 show the comparison between the Pdified values for Well

1N and WinProp grouped components values by combining the 35 centpamto 7 components
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the comparison for the phase envelope, differential difimr (DL) and constant composition

expansion (CCE) shows that theraigood match between the individual components from the

PVT report and lumped components into seven groupings froWiherop model. As a result,

the lumped components and component grouping can be utdesl GMG GEM compositional

simulator.
Initial and Recombined Phase Envelope Comparison
4500 Initial PVT Phase Envelope
4000 —— Lumped Phase Envelope
— Initial PVT Critical Point
3500 s Lumped Critical Point
Separator 1
T 3000 N Separator 2
g / \ Initial Reservoir Conditions
~ 2500
o)
% 2000 / \
s Y \
0 1500 \
1000 )
500 4__—”///
0 |

200
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Temperature (°F)
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Figure 3.9: The diagram shows the phase envelopes for thé B\ia (orange) and grouped
components (blue), critical points, and pressure-temperatunditions for the initial reservoir,
separator 1 and separator 2.

Table 3.3Lumped reservoir fluid compositian mole percent. The lumping was constructed from
component groups displayed by the different highlighted cells.

Individual and Component Grouping of the Reservoir Fluid Composition

Component Mole % [ Component Mole % | Component Mole % | Component Mole %
N2 0.249 nC5 1.898 Cl14 0.838 C23 0.222
CO, 1.571 C6 2.333 C15 0.738 C24 0.196
H2S 0.000 C7 3.209 C16 0.562 C25 0.172
C1 49.094 C8 3.506 C17 0.496 C26 0.158
C2 11.566 C9 2.492 C18 0.480 Cc27 0.139
C3 6.724 C10 2.002 C19 0.424 C28 0.119
iC4 1.124 C11 1.361 C20 0.321 C29 0.109
nC4 3.248 C12 1.064 C21 0.281 C30+ 0.805
iC5 1.239 C13 1.004 C22 0.254
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Figure 3.10: Displays the component grouping of the individaadponents, color matched to
Table 3.3 and the relative molar amount in the sample.

Liquid Compressibility Comparison
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Figure 3.11: Displays the oil compressibility from constaminposition expansion at reservoir
temperature for both the PVT report results (blue) a@admProp recombination model (orange).
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Oil Formation Volume Factor Gas Formation Volume
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Figure 3.12: Shows the formation volume factor and gas t@maolume factor from the PVT

report and the WinProp generated with lumped componentsbllibedenotes the data from the
PVT report and orange shows the WinProp lumped components.

Liquid Viscosity Comparison Gas Viscosity Comparison
0.80 — - 0.035
PVT Liquid Viscosity
0.70 &—— —e—Lumped Liquid Viscosity 0.030
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Figure 3.13: Compared the liquid viscosity and gas viscosity ftemPVT and the WinProp
(lumped components) used in the model. The blue dots demotesity from the PVT and the
orange denotes the values from the WinProp model.
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3.2.3 Porosity, Permeability, Phase Saturation and Compaction

The porosity, permeability and phase saturation were tegpdrom the geologic model.
The effective porosity, calculated from neutron porosdygd and Barre® \2017) correlation
between the neutron porosity and shale volume, was exitadacross the model. The horizontal
permeability was determined from core and MICP matrix pebitisavalues. The vertical
permeability is determined to be 1/100 the horizontal permeability (Armitage et al. 2011,
Simpson et al. 2016; Barree 2017). The water saturation wasndetdr from a Dean Stark
Toluene extraction. Additional information regarding waauration is discussed in Section, 3.1

Reservoir Parameters.

The initial relationship between relative permeability annaturally fractured, dual
permeability system is shown in Figure 3.14. The fractuaes ha relative permeability with low
irreducible oil and water saturation, high relative permégbéndpoints, and low relative
permeability exponents compared to the matrix relative eability curves. The relative
permeability for the matrix has greater irreducible flundl Jow relative permeability endpoints.
Cho et al. (2017) shows relative permeability results famnunconventional core in the Bakken
in Figure 3.15. From previous research by Cho et al. (201Ay (#%017) and Eker (20)8he
matrix and fracture relative permeability curves usedhfetinitial modéare shown in Figure 3.16
and Figure 3.17All relative permeability curves used quadratic smoothing betweeand points,

and the Stone-2 correlation is used for the relative igagilpermeability.
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Figure 3.14: Relative permeability and water saturation fonaentional reservoir. The fractured
reservoir has a linear relative permeability curves,pared to the conventional quadratic relative
permeability of the matrix (Gilman and Kazemi 1983).

Figure 3.15 Matrix relative permeability for unconventional corettilsaows the window for
relative oil and gas mobility (Cho et al. 2017).
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Figure 3.16: Matrix relative permeability for both an oil-erasystem and a gas-liquid system
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Figure 3.17: Fracture relative permeability for both amaiter system and a gas-liquid system.
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Permeability and porosity decreases at various ratesndiegeon the amount of rock
compressibility, shown in Figure 3.18s pressure decreases from production, the permeability
and porosity of the reservoir decreases, shown in Fd&and calculated with Equation 3.19
and Equation 3.20. Furthermore, the amount of rock comprggstan change with time, which
changes the reduction rate for permeability and pordSiynpaction reduces the ability for the
fluids to flow by reducing the size of the pore throatst doald leave the heavier hydrocarbons
trapped and/or block off transmissivity pathways. Rock corspiyéisy is broken into two
categories: natural fractures and matrix. Compressibdlityhfe natural faults ranges up to 350 feet
away from the faults (Grechishnikova 2013hown in Figure 3.1%quation 3.19 calculatedtv

compressibility of the rock (¢ impacts permeability (kg LWK UHVSHFW WR SUHVVXUH
ratio (v). Equation 3.20 calculated how compressibility ofrtek (c) impacts porosity {) with

respect to pressure (p).

Permeability Relationship with Rock Compressibility
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Figure 3.18: Displays the reduction of permeability with respe pressure at varying rock

compressibility.
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Figure 3.19: Fracture compaction throughout the model with higgmapaction (red) nearest to
the fault and regular matrix compaction over 350 femnfthe fault (blue)

3.2.4 Flowing Bottom-Hole Pressure

The flowing bottom-hole pressure was calculated using tHacgucasing pressure data,
calculated gas gradient until the end of tubing (EQ@NY fluid gradient after the erad-tubing.
The specific gravity trend for the gas is plotted in FigBr20 anda correlation trendwas
established to calculate the specific gravity at eacthefflowing bottom-hole pressures. The
specific gravity for the gas is determined by the trendifingigure 3.20. Past the EOT, the specific
gravity of the emulsion is assumed to be 0.3 psBfHU $Q D G D U N R.JNhe Diddwhg P SW LR Q

bottom-hole pressure €kr) was calculated using the casing pressugitdf, gas specific gravity
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g¢), gas constant (R), average temperatugg),(Tubing height in TVD (ling, Oil density !
gravitational constant (g), and landing depth) (bf the heel in TVD with Equation 3.21. The
flowing bottom-hole pressure in the model used a cons&iiProf 2,200 psi until the changes in

choke, where the pressure was decreased to simulate incobase size.

Gas Specific Gravity

y = -3E-11x3 + 3E-07x2 - 0.0006x + 1.2259
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Figure 3.20Gas specific gravity as a function of pressure. Spegiéigity is used to calculate the
bottom-hole pressure based off varying casing pressure migh {i
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Figure 3.21: Flowing bottom-hole pressure results used inutmerical simulation as a constraint
to match produced volumes.
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3.2.5 Rate Transient Analysis

The hydraulic fracture permeability and effective fracturemgebility were determined
using a flow diagnostic plot and Kazemi et al. (2015) lineaitiphase flow analysis. The
diagnostic plot was used to determine flow regimes, as slwwigure 3.22 Total reservoir
production data compared to the difference between reseressye (DFIT data showing 4500

psia), and flowing bottom-hole pressure from Well 1N.

The diagnostic plot in Figure 3.22 shows the three @iffeflows for the bilinear flow,
linear flow and boundary dominated flow regimes. The liniear Was plotted in Figure 3.23 with
respect to the square-root of time. The bilinear flow was platt€tyure 3.24 with respect to the
fourth-root of time. The points through the linear flowineg slope from the diagnostic plot are
plotted to determine the slope from Figure 3.23. Equation 3.23|inba@r multiphase flow
equation, was used to determine the effective fracture pdilitye (Krerr) and skin factor for the
hydraulic fracturdSn@®9, from the total reservoir production (D QG FKDQJH LQ SUHV VXL
WRW DO RRneighd (hywiumber of hydraulic fracturesq(nlength of the hydraulic fracture
(y SRURVLW\ 3 WRW D Qnd feSl) Ke2émiEdt @lL ¥015). From PVT,
petrophysical analysis, hydraulic fracture modeling, thecgffe permeability is determined to be
approximately 16 to 10* md. Effective permeability is greater than the MICP and ¢hee
permeability which is indicative that hydraulic fracturing increasesnmmability. The effective
permeability, determined from RTA, is in the same magniagi&ker (2018) and Ning (2017).
Equation 3.22 was used to calculate the change in pres8redmpared to the total reservoir
production(qy) using the reservoir pressure)(glowing bottom-hole pressuresg), production
rate (q), formation volume factor (B), and subscriptsdil (0), water (w) and gas (g). Equation

3.24, the bilinearmultiphase flow equation, was used to determine the hydrauli¢dufeac
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permeability (Kf) and well skin (&"®"), from the total reservoir production;\gnd change in
SUHVVXUH (3 WK i hydriticiracterewE@diomWisight (h), number of hydraulic

fractures (r), length of the hydraulic fractureny, porosity (*), total compressibility ¢, and

time (t) (Kazemi et al. 2015).
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Figure 3.22: Flow diagnostic plot for the Well 1N where the puipdeis the bilinear flow regime,
red line is the linear flow regime and boundary dominated iffotlie green line on a log-log plot.
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Figure 3.23: Displays the change in pressure relativ@abreservoir production as a function of
the square-root of time. The slope and y-intereege determinegand the results will be used to
determine the effective permeability and the skin factdine hydraulic fracture.
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Figure 3.24: Displays the change in pressure relative to éstatoir production as a function of
the fourth-root of time. The slope and intercept were usechkmulate the hydraulic fracture
permeability and skin factor from Equation 3.24.
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3.3  Hydraulic Fracture Simulation

Hydraulic fracturing is induced to increase the surfaceexpasure of the reservoir matrix
to the wellbore, thereby increasing production. Hydraulic fragjunas increased the economic
feasibility of tight, low permeability reservoirs by incsgag the effective conductivity of each
sleeve or perforation. Fluid is progressively pumped igestathrougha sliding sleeve b
perforations, depending on the wellbore design, in ttwasecutive phases, shown in Figure 3.25
(1) pad, (2) proppant slurry and (3) cleanup fluid. Hydraulictdnérng is initiated with a padyr
clean fluid that does not contain proppant. Then, fluid cagrproppant is pumped into the
hydraulic fracture, to increase the width, height and leogtihe hydraulic fracture, enhancing
effective conductivity. Finallythe fracture is pumped with cleanout flu@cleanup the wellbore,

perforations and near well-bore area in preparation éonéxt stage.

Figure 3.25: Displays the order of hydraulic completion 8uiid order with the pad, proppant
slurry and flush for a vertical wellbore (modified fravisskimins 2017).
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Previous hydraulic fracture simulation studies show thatymtion variation is from:
target landing heterogeneity in the reservoir; ensurifegife conductivity is continuous between
the wellbore and hydraulic fracture; amount of proppant; asxkclell spacing. In the Niobrara,
the target landing zone impacts the production since thkschave greater permeability. The B
chalk has the greatest permeability for the chalks, i@t by the C chalk, and the marl is less
permeable by two orders of magnitude according to MICP analySectiZze conductivity is
extremely important for flow into the wellbore from tleservoir. However, if the near wellbore
conductivity is reduced by stage shadowing effects, produsilbdecrease from each stage; the
most important connection for well production is from theervoir to the wellbore. Within the
Wishbone section, areas with tighter well spacing aneé&sad proppant concentration is towards
the west, which shows areas with the greatest amount @bseismic activity. Increased
microseismic activity is a sign of increased deformatidrihe reservoir from the hydraulic
fractures. Furthermore, there is greater production tothard/estern portion of the section where

well spacing is tighter.

The history match comparison between uniform, hydraulatdras created by CMG, and
non-uniform, hydraulic fractures from a 3D hydraulic fraetgimulation (GOHFER), shows a
better early-time match between the production and siedildata (Ning 2017) in Figure 3.26.
Uniform hydraulic fracture simulation usead250-foot half-length, height of 140 feet and a
conductivity of 1 md-ft. Non-uniform hydraulic fracture projes are shown in Table 3.4. The
hydraulic fracture simulation was recompleted using the 3ipgity model parameterized in

Section 3.1Reservoir Parameters
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Figure 3.26: Comparison of the history match between umiigeft) and non-uniform (right)
hydraulic fracture in the early-time data. The historyamashows a better match with the non-
uniform hydraulic fractures.

3.3.1 Hydraulic Fracture Theory

Hydraulic fracture propagation is controlled by reservtiess conditions and fractures
propagate in the direction of the maximum horizontasstidirection by overcoming the minimum
horizontal stress direction, as shown in Equation 7Arderstand more about hydraulic fracture
propagation, hydraulic fracture simulations were createdddiqi fracture growth, stimulated
reservoir volume, and effective conductivity based orosunding stresses. Simulations use a fluid
flow equation, conservation of mass and fracture comaiam determine fracture width from net

SUHVVXUH 3RLVVRQTV UDWLR DQG <RXQJYV PRGXOXYV

In two-dimensional simulation, fracture width can changté respect to height or length
inresponse tdQHW SUHVVXUH <RXQJTV PRTDXfietveBape c3mME&EBVRQIYV U
method is rectangular with a cusp-shaped fracture tip. KBD method uses a constant height
assumption with fracture planar strain condition initbgzontal directionThe KGD assumes that
the length is less than the height. The fracture sbéfgee PKN method uses a vertical elliptical

envelope with planar strain in the vertical directidihe PKN assumes that the length is greater
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than the height; the KGD assumes the height is grdzarthe length. Both models assume that
there is not leak off from the hydraulic fractures, anthlmodels tend to overestimate fracture

aperture

GOHFER 3D, a 3D hydraulic fracture simulator using a finiteetkince method to model
hydraulic fracture geometries is used to predict height, heragterture using shear decoupled
gridding system. This decoupled system allows for shdardaslip along bedding planes, where
there is the highest permeability, compared to coupledregdigat do not allow shear failure or
slip along bedding planes, as shown in Figure 3¢toupled failure systems decrease fracture
growth height because there is growth along the beddemgegpl In the Niobrara, the bedding
planes for the chalks and marls provide the greatestgadyility and the greatest point for shear

failure.

Figure 3.27: Depiction of coupled hydraulic fracture simulationtloe left compared to a
decoupled hydraulic fracture simulation on the right. Thedeled system allows for shear fagur
along the laminated planes (Miskimins 2017).
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Alfataierge (2017) shows the advantages for the use of a 3D geanieal model for
hydraulic fracture simulation and is able to accountrfordased heterogeneity of the section when
compared to a 1D geomechanical model. The heterogeneihe dVishbone section, a faulted
reservoir, impacts the hydraulic fracture propagation, whickurn impacts where production is

coming; thus, heterogeneity of hydraulic fractures will inigstimated ultimate recovery

The fluid systems used to carry the proppant are: slickwadgey and friction reducer and
a high pump rate to carry the proppant£3 cp); linear gel, natural or synthetic gel £30 cp);
crosslink gel, linear gel with crosslinking systems (50000 cp). The two dominant proppant
types used are sand and intermediate strength propp&it iti&re commonly known as ceramic.
When comparing the sand and ceramic proppant the sand haglghg costs less, but has less
strength. The heavier the proppant, more likely the proppdinhot be carried as far into the
formation and sand-deroccurs. The cost of proppant impacts overall returmeestment (ROI)
and rate of return (ROR). Incremental proppant strengtinezduce proppant crushing and prevent
associated reductions in effective conductivity of the hyldrénacture. There are two main types
of sand: white and brown. White sand generally has increasedmess and are monocrystalline
in nature. The brown sand has greater angularity angdayerystalline in nature; this leads to
greater erosion of the proppant and increased likelihood dgppant crushing. Ceramics, if built

to design specifications, tend to be more spherical compatbeé white sand geometry.

3.3.2 Hydraulic Fracture Stimulations of the Wishbone

The horizontal unconventional wells were designed to hyalyli fracture the low
permeable Niobrara chalk and Codell sandstone formatitins. of the horizontal wells landed
in the Niobrara C chalk and Codell sandstone are latengh hydraulically set packers between

stages and sliding sleeve port(s) for hydraulic completidfedl 9N in the Niobrara C chalk is
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completed with a plug-n-perf design. The single horabwell landed in the Niobrara B chalk is
a sliding sleeve aopletion design. Eight wells were individually hydraulicaltgdtured, and three
wells were hydraulically zipper fractured. The wells were cetepl from East to West through
the Wishbone. Well 11N was completed with twice as much progsawell 1N of the section.
Figure 3.28 and Figure 3.29 show the well spacing, targeted lasdiieg find zone, and average

wellbore landing depth

Figure 3.28 The targeted drilling locations and the order of hydrau#ictfire treatments for the
seven Niobrara and four Codell in the Wishbone seckaght wells were individudy fractured,
and three wells were hydraulically zipper fraeiir

During the stimulation operations, over 98% of the 335 stages completed as designed
or with minor adjustments. Six stages were left untckbirause of higher formation pressures
sleeve not openingyr improper ball seating in the sleeve. Downtime during theatip@s was
limited to either before or after a ball drop, but not duringpilveapingof fluids, which decreased

the impact to completion efficiency.

74



Figure 3.29Displays the average landing zone, compared to Figure 3.2Befeight individually
hydraulically fractured and three hydraulically zipper fraadunells in order from East to West
in the Wishbone section

Figure 3.30: Displays the eleven wishbone horizontal wetlsth@ facies the wells were landed
in. The blue and yellow ribbons display the natural fanltee section. The wells were completed
from east to west.
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The eleven horizontal wells were completed with lineacrosslink gel fluid system for
the initial stages, and slickwater fluid system for temainder of stages. Proppant used in the
linear or crosslink gel fluid system included a lead-in of 40/70endaind proppant with a tail-end
of 30/50 whie sand proppant. The slickwater fluid systemswomposed of 40/70 white sand
proppant. The crosslink gel was pumped at 40 bpm with 0 to 3 ppg ptaymrexentration. The
slickwater was pumped at 60 bpm with 0 to 1.25 ppg proppant doaiden. Nine wells were
treated with 32 stages with an average stage spacing of 120Viele 11N and Well 10C, were
treated with 27 and 20 stages, respectively. The stage spacivephdhese stages were greater
on averageFigure 3.31 displays the planned fluids for each of ttgestéor the eleven wells, and

Figure 3.31 shows the actual fluids used in each of thesstage

3.3.3 Hydraulic Fracture Simulation Results

From Ning (2017) uniform and non-uniform reservoir simulattmmparison, the non-
uniform fractures had a better early-time history match;, tauson-uniform hydraulic fracture
model was completed using a heterogeneous 3D geomech&dhR&G HO XWLOL]JLQJ $OID)
(2017) work. The new static model was imported into GOHFER 3D, angP diifference method
simulator, to determine hydraulic fracture growth for norfarm hydraulic fractures, which were
imported CMG, the reservoir simulation softwaia the Wishbone section. The fracture width,
height, half-length, permeability and conductivity were dabeed from the model and compared
to Alfataierge (2017) result§he non-uniform fractures modeled have greater conducthaty
WKH XQLIRUP K\GUDXOLF (201D MWd¢IU Fhe uptaReR note) hadva longer
fracture length with less height and conductivity. THeaive conductivity for the updated model

is between the two results from Alfataiei§j§2017) model. The hydraulic fracture interpretation
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shows hydraulic fracture conductivity betweentd5 md that aligns itself with the hydraulic

fracture conductivity determined from RTA.

Hydraulic Fracture for the Wishbone Wells
Crosslink Gel
Slickwater
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Figure 3.31The wells were planned to be completed from right (éadéft (west). Gray boxes
indicate that Well 9N and Well 10C were completed with 272ihstages, respectively. All wells
are approximately the same length.
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Hydraulic Fracture for the Wishbone Wells
Crosslink Gel
Slickwater
Untreated
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Figure 3.32: The wells were completed from right (eastgfto(West). Gray boxes indicate that
Well 9N and Well 10C were completed with 27 and 20 stages, tesgecAll wells are
approximately the same length. Hydraulic Fracture pestitment displays the untreated stages
(red) from missed ball drops or treatment pressure issues.
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Table 3.4: Displays the half-length, height and conductigityte uniform Ning (2017) hydraulic
fracture model, Alfataierge (2017) non-uniform hydraulic fractuoglel simulated in GOHFER
3D and updated non-uniform hydraulic fracture model simulated HEHER 3D.

Ning (2017)

Alfataierge (2017)

Updated Hydraulic

Comparison Uniform Hydraulic Hydraulic Fracture | Fracture Model from
Fracture Model | Model from GOHFER GOHFER
Half-length (ft) 250 260 +480 260 £640
Height (ft) 140 20 £190 20 +160
Conductivity (md) 1 1-20 2-15

The growth direction of the hydraulic fractures in tmité difference model, GOHFER,
is dependent upon landing zone, landing facies, naturdtsfand heterogeneous 3D
geomechanical model. The types of fracture growth weteebrdown into four different types of
growth directions: dominant growth upwards, dominant growth g@sths, symmetrical growth,
and missed stages. The fracture simulation growth typesidarinant upwards, dominant
downwards and symmetrical growth are shown in Figure, FBRire 3.34, and Figure 3.35
respectively. An example of hydraulic fractures modeledf@ub is shown in Figure 3.36-igure
3.37 shows fracture conductivity growth direction. Well 4N hyticdtactures mostly has upward
growth since the well is landed in the upper portion ofGhmearl. Since the PO VVRQTV UDWLR R
marl is relatively JUHDWHU DQG WKH <«dtaxvely 1pw, P& iBax G Aegs Likély to
fracture than the chalk. Therefore, the hydraulictireeceffective conductivity is less for the marl
than the chalk. Well 11N is mostly landed in the B marlstmmivs hydraulic fracture propagation
growth that is heading upwards, downwards and symmetrical lgral@pending on the lateral
location within the lithofacies. The wells landed ie 1B chalks tend to have downward hydraulic
fracture progression. Hydraulic fracture direction anddoativity with the wellbore is impacted
by the distance to the natural faultétle microseismic activity is seen with hydraulic dtaring

near faults because the tendency of the fractured roclstotabnergy. The natural faults may be

sealed and reactivated, or the faults may be open oiiallyaiopen. When the stages are
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hydraulically fractured energy is lost to the faults depemdhe state of faults: open or partially

open.

Figure 3.33 The simulated hydraulic fracture is an example fromttpeof the C Marlof a
dominantly upward hydraulic fracture progression showinctiir@ conductivity.

Figure 3.34 The simulated hydraulic fracture is an example fromcenger of the C Chal&f a
symmetrical hydraulic fracture growth showing fracturaductivity.

Figure 3.35 The simulated hydraulic fracture is an example fromttipeof the C challof a
dominantly downward hydraulic fracture growth showing fraetwonductivity.

Figure 3.36: Displays hydraulic fracture growth near a natawt with non-continuous effective
conductivity compared to other hydraulic fracture propagatisultse
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Figure 3.37: Displays the dominant fracture conductivity gromtheéch stage of the hydraulic
fracture along the eleven Wishbone wells. The well ¢tajges show the landing facies: chalk,
marl, Ft Hays, Codell and Carlile. The blue and yellow nitsbare natural faults in the section.
The completion order starts with Well 1N and heads west tsvatell 11N.

3.3.4 Integration of Hydraulic Fracture Simulation into Reservoir Flow Simulator

The fractures were imported into the CMG simulator anghgntées added to each of the
hydraulic fractures in the simulator. The fracture pibyaganged from 12+24% in the reservoir
flow simulator. The hydraulic fracture saturation wasiassd to have a greater water saturation
than the matrix and natural faults since the hydraulctdra fluid was dominantly composed of
water and friction reducer (slickwater). The hydraulic tiiae parameters were used to create

increased early-time accuracy of the history matcbudised in the introduction, Section 3.3
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Hydraulic Fracture SimulatioriThe reservoir simulation of Well 1N was focused on fa¥ th
purposes of this study. Hydraulic fracture simulation Well 1N shows dominant hydraulic
fracture growth direction downward, shown in Figure 3 B& facies landing shows that the
hydraulic fractures generally propagate throughout the C ghadit,to propagating into the B or
C marl layersThis feature is prominent towards the heel of the well. tbeestages are impacted
by natural faults which cannot be seerrigure 3.38whereas the other structural features in the
model such as thevb grabenghat intersect the wellbore are visibldowever, the faults toward

the toe stages can be referenced in Figure 3.37.

Figure 3.38: Displays the imported hydraulic fractures from GQORIREydraulic fracture
interpretation. The wellbore is shown by the blue lind, laydraulic fractures are in black showing
dominant conductivity downward. The active grid blocks shosvdifferent lithofacies that the
well is landed in and through which the hydraulic fracturepgagate.
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CHAPTER 40UTCROP RESERVOIR SIMULATION HISTORY
MATCHING AND MODEL COMPARISON

The first objectiveof the reservoir simulation is to setup and history matemtodel using
CMG. The reservoir simulation model incorporates acstiral 3D property model and hydraulic
fracture interpretation results. History matching is cletga by changing the appropriate
variables to create a match to the observed productionm#hé study, the simulation production
data will be matched to five years of actual productiom deitd a production forecast will be
simulated Rate-transient-analysis (RTA) will be compared betwigsdd production results and
the history matched model. A history match will be creédbe Niobrara WellLN. This well was
chosen becauseis believed to have the least amount of impact from ¢etiop and production
interaction between offset wells, and, therefore reftbe greatest insight into the initial reservoir
conditions. The second primary objective of the histoatch is to compare the two models to

understand how the model structure, parameters, and outfitemces the history match.

4.1  Production History Match and Forecast

Well 1N is a horizontal production well with a one-mile ihontal section which has an
average TVD of approximately 7,300 feet that was landed in ttal& and C marl. The well was
completed with 32 stages with an average of 80oketween each stage. The well was completed
in August 2013, and production sttin September 2013. Five years of production data for Well

1N is showrnin Figure 4.1; oil is the primary producing fluid.

Well 1IN model is reduced from the original size to reducetdta runtime and capture
only near wellbore dual-porosity production from the reserdhe model is reduced from 153 to

13 grid blocks in the x-direction (East to Wed)2 to 49 grid blocks in the y-direction (North to
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South), and 135 to 101 grid blocks in the z-direction (vejtida focus on Well 1N, the number
of grid cells in the model, thus, reduced from 3.30 to 0.23aniltiells. The model ranges from
the top located in A marl to a base located in thé IHays. The model boundaries in the y- and z-
direction were reduced based on hydraulic fracture propagdtiemodel boundary in the x-
direction was based on the length between the hydraatitufies from the toe to the heel. The
model cube boundaries are located one matrix block pasbehdeel and the fracture tips. The
goal is to match the actual production rates with threilsited production rates by constraining the

pressure to the constant bottom-hole pressure.

1IN Field Production Data
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Figure 4.1: Well 1N production for four years with the oilgwotion in green, gas production in
red and water production in blue. The primary producing flualigyreen).

To understand how the fracture and matrix parameters wpeeimg the model and avoid

long runtimes, the history match was initially restrictedthe first year and a half of production

84



Once a match was completed for the first year and a tidh a match for the five years of
production and a projection of production was created. Tieedst for the model was created at
aconstant bottom-hole flowing pressure of 2000 psi until lioke sizes were changed in the well,
and the bottom-hole flowing pressure was decreased at@f E#epsi each time. After two years

of production, choke sizes were changed at approximatel-thoath intervals.

Table 4.1: Shows the initial permeability (k), porosity vV D W(S)JdMpieRsDility (c), initial
SUHVVXUH S DQG VKDSH |D FWhRd thda molleR WKH ILQDO KLVWRU

Property Initial Model Values (Niobrara)
Chalk Marl Fort Hays
“ugz @« 5v(md) 5.60E-03 5.76E-05 1.78E-04
‘.4 (Md) 5.60E-05 5.76E-07 1.78E-06
‘Ear ®ave{md) 0.1 +0.75
K eff (Md) 3.84E-03 1.31E-04 2.53E-04
T 0.09 0.08 0.08
[N 0.001
Sw,m 0.33 0.41 0.32
Swf 0.1 0.1 0.1
%as « %05 dL/PSI) 1.00 E-06
. 4205 +4330 4330 - 4350
pi (psi) (0.57 psi/ft) (0.57 psilft)
1 Hw 1.00 #5.00

During history matching, the variables with the largest taggy were manipulated for
both the fracture and matrix parameters: permeabilitgtivel permeability and flowing bottom-
hole pressure. Clear understanding was obtained by changingle parameter in each runtime
to determine how varying each parameter changed the hist&e.nT he initial pressure, fracture
and matrix compressibility, matrix porosity and water sdton were kept constant during the

history match. Table 4.1 and Table 4.2 display the compakisbmeen the initial and history
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matched variables used in the model. During the history nifa¢ofreatest change from the initial

variables was the fracture porosity, the matrix permeglaifit shape faot.

Table 4.2: Shows the indfHUPHDELOLW\ N SRURVLW\ 3W\VBW X QDLW ILB(
SUHVVXUH S DQG VKDSH IDFWRddthelmodeR WKH ILQDO KLVWRU

Property Final Model Values (Niobrara)
Chalk Marl Fort Hays
“ugz @ v ay(md) 2.80E-06 2.95E-08 1.78E-07
“ug (md) 2.80E-08 2.95E-10 1.78E-09
‘®ar €avE{md) 0.0002 +0.01
Kteff (Md) 1.03E-04 1.00E-04 1.00E-04
1. 0.09 0.08 0.08
(s 0.01
Swm 0.33 0.41 0.32
Swi 0.1 0.1 0.1
%0y « %0 E1/PSi) 1.00 E-06
(e 4205 4330 4330 +4350
i (ps) (0.57 psilft) (0.57 psilft)
1 Hw 0.05 +0.25

History matclesfor oil, gas, water and gas-olil ratio are shown in Figu&Figure 4.3
Figure 4.4, and Figure 4.3 good history was obtained for all production streams. Dulieg t
history matching process, the matrix permeability contribtethe linear flow regimes, anebs
the main contributor to the boundary-dominated flow regimezeStiine boundary-dominated flow
period was a greater transmissivity than necessary anddhedary-dominated flowwvas
controlled by the matrix permeability, the matrix perbilty was decreased by three orders of
magnitude to obtain a closer history match. The histotghrguggests that the MICP permeability
from the core has an initial matrix permeability saverders of magnitude greater than in the
formation. Furthermore, the fracture permeability is tinevo orders of magnitude less than the

initial fracture permeability to improve the match in #ealy-time history match of flow in the
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fractures. To match the GORgtrelative permeability endpoints and exponents were mangallat
within reasonable bounds prior to fracture porosity; howdemrause a match could not be created
from relative permeability manipulation fracture porositgessary. The fracture porosity was
increased during the history match, which increased th&aoe of the gas-oil ratio. From the

history matched results, the Niobrara has a fracturesggrgreater than initially expected.

Oil Production History Match
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Figure 4.2: Oil Production chart showing field production (dar&eg points) compared to
simulated production (light green line) showing a good match
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Gas Production History Match
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Figure 4.3: Gas production chart showing field production (darpeeds) compared to simulated
production (light red line) showing a relatively good match.

Water Production History Match
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Figure 4.4: Water production chart showing field production (dark phiets) compared to
simulated production (light blue line) showing a relativgdypd match.
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Gas-Oil Ratio History Match
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Figure 4.5: Gas-oil ratio comparing field GOR (dark yellow dotenhpared to simulated GOR
resuls (smooth yellow line)

Relative permeability curves that compare the initial laistbry matched results for the
matrix and fracture relative permeability are shown in g6 and Figure 4.7, respectively.
Updated relative permeability curves for the match were usedrease the gas production from
both the fractures and the matrix. The end points ferghas relative permeability gk was
increased to a value of one to increase the GOR in ghersyWhen the results did not fully meet
the GOR in the system, the irreducible oil saturatioriie matrix was decreased to increase the
mobility for oil in the system. The greater oil mobilitpm the matrix will increase the amount of
oil and gas in the system based on the gas-liquid rela¢raeability for the matrix and the natural
fractures. The combination of increased fracture porasild lower irreducible oil saturation
indicates that the relative permeability curves showeatgr potential to produce than originally

indicated from core relative permeability experiments hy €t al. (2017).

89



Matrix Oil-Water Relative Matrix Gas Relative

Permeability Permeability
1 — 1
e e |nitial Krw
0.9 ee e |pijtial Krow 0.9
e Final Krw 2
0.8 e Final Krow 3 08 /
<
207 2 0.7
2 &
T 06 g o6 7
é g //
Qo5 \ I £ 05 / 7
(O] []
=04 X 04
s \ | / / |
& 03 0.3 y == = |nitial Krg
\ | I ‘ // == e |nitial Krog
0.2 \ 0.2 e Final Krg
\ /l e Final Krog
0.1 0.1
0 v , 0 L*
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Water Saturation Gas Saturation

Figure 4.6: Displays the difference between the initial lestbry matched relative permeability
for the matrix.
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Figure 4.7Displays the difference between the initial and histoagamed relative permeability
for the natural fractures.
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Rock compaction is a reservoir drive mechanism that waergnented with in numerical
simulation. With increased rock compaction the oil prodacthould also increase as a result of
the increased energy in the system from compactioe.d8ince there is additional energy in the
system, there is greater pressure in the reservoichwiould decrease the amount of gas coming
out of solution in the fracture porosity; therefore, @@R should decrease. All history matching
variables were kept constant except for the compactitimeifractures and matrix to identify the
effect from increasing rock compactidsiumerical simulation shows that oil production increases
and gas-oil ratio decreases as the compaction increabegure 4.8 and Figure 4.9. Figure 4.10
shows that as fracture porosity increases, the ipit@duction is lesser, and the later production
is greater. Furthermore, Figure 4.11 displays that asifi@pbrosity increases, the GOR increases.
This is probably because the fracture porosity is a meajotributor to well production, a major

sink for gathering the matrix flow contribution, and isajor contributor to the well GOR.

Oil Production Comparison for Various Rock Compaction
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Figure 4.8: Oil production (BBL) as it changes with differantounts of rock compaction over
time. Flowing bottom-hole pressure.
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Gas-Oil Ratio Comparison for Various Rock Compaction
8000 5000

r 7
J._F—J o
- 6000 ’_,—l*' H 3750 ?)
i )
T o
@) o
2 4000 r— 2500 £
S / =
= _ S
O / o)
& s}
@ o
O 2000 | 1250 %
|
’ History Match - Gas Oil Ratio 1.0 E-05 - Gas Oil Ratio E

2.5E-05 - Gas Oil Ratio —5.0E-05 - Gas Oil Ratio
0 7.5E-05 - Gas Oil Ratio —— Flowing Bottom-hole Pressurf 0
0 500 1000 1500 2000 2500
Time (Days)

Figure 4.9: Gas-Oil ratio (SCF/BBL) as it changes with d#fifé amounts of rock compaction over
time. Flowing bottom-hole pressure.

Fracture Porosity Comparison on Oil Production
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Figure 4.10: Fracture porosity impact on oil production.a@efracture porosity causes greater
production in the initial production, and less productiorhelater-time data.
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Fracture Porosity Impact on GOR
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Figure 4.11: Displays the fracture porosity on the GOR thaivs a larger GOR with greater
fracture porosity during the first six years of produttio

The original oil in place (OOIP) for the one well d&d is compared in Table 4.3 in two
scenarios: simulation and hydraulic fracture. In eaclmasa® the OOIP is broken down into
matrix, natural fracture and hydraulic fracture at bothrvedéeand standard conditions. The OOIP
is greater in the simulation scenario because thelaied hydraulic fracture is 2 feet wide in the
model compared to the actual simulated width of 0.012 faéeiactual hydraulic fractures. The
modelthat shows the two-feet wide grid cells is shown in Figure.4&ifte the OOIP is less for
the actual hydraulic fractures, the overall recoveryofafor the corrected hydraulic fracture
volume is greater. The recovery factor comparisorbfith scenarios is shown Table 4.4. The

recovery factor comparison for forecasted production Bable 4.5.

93



Table 4.3: Displays the reservoir hydrocarbon locationdistdbution for the OOl the matrix,
natural fracture, hydraulic fracture and total for the $atnon compared to the hydraulic fracture
model at both reservoir conditions and surface conditions

. : OOolIP OGIP OOolIP OGIP
Reservoir Hydrocarbon Locations (RB) (RCF) (STB) (MSCF)
Matrix 7,611,662 0 3,768,150/ 6,473,823
Natural Fractures 1,337,326 0 662,043 | 1,137,414
Model Hydraulic Fractures
Simulation &
Stimulated Wellbore 45,575 0 22,451 38,762
Region
Total 8,994,564 0 4,452,643| 7,650,000
| Matrix 7,611,662 0 3,768,150 6,473,823
e Natural Fractures 1,337,326] 0 662,043 | 1,137,414
F);acture Actual Hydraulic Fractures 221 0 109 630
Total 8,949,209 0 4,430,301| 7,611,867
Wellbore —»
Logarithmic Grid 2-Feet HF -, Permii:"ity
away from Model P
i -
Hydraulic Fracture x _
<
-~ A
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-
P ~ 2-Feet
_ -~ Stimulated
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_ P Hydraulic Region Model
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Figure 4.12: Displays the logarithmic grid design away fromhitigaulic fracture that shows the
relative difference between matrix and hydraulic fraetpermeability. Furthermore, the figure
shows the hydraulic fracture (HF) model is two feet wide &edstimulated wellbore region is
also two feet wide. The hydraulic fracture is shown wlélshed fluid flow through the hydraulic
fractures.
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Table 4.4: Displays the reservoir hydrocarbon recoverpifdor the model and the corrected
OOIP to adjust for the additional oil in the hydraulic ftaes from simulation compared to the
corrected values for the width of the actual hydraubctiires. The difference in the recovery

factor is shown in the table.

OOolIP Recovery Factor
Reservoir 00IP (Corrected for Actua_l Recovery| (Corrected for
Hydrocarbons Excess HF Production Factor Excess HF
Volumes) Volumes)
Oil (STB) 4,452,643 4,430,301 112,605 2.53% 2.54%
Gas (MSCF) | 7,650,000/ 7,611,430 644,288 8.42% 8.46%
Total (BOE) | 5,815,162| 5,785,951 227,357 3.91% 3.93%

Table 4.5: Displays the OOIP for the model and the cont€@@IP to adjust for the additional oil
in the hydraulic fractures from simulation compared ® ¢barrected values for the width of the

actual hydraulic fractures for five years of forecastedlpcton. The difference in the recovery
factor is shown in the table.

OOoIP Forecasted Recovery Factor

Reservoir OOIP (Corrected for Production Recovery| (Corrected for

Hydrocarbons Excess HF Factor Excess HF
(4 + 5 years)
Volumes) Volumes)

Oil (STB) 4,452,643 4,430,301 179,370 4.03% 4.05%
Gas (MSCF) | 7,650,000, 7,611,430 1,056,263 | 13.81% 13.88%
Total (BOE) | 5,815,162| 5,785,951 367,498 6.32% 6.35%

4.2 Rate Transient Analysis

The model was further verified by comparing the rate trahsiralysis (RTA) from the
simulation to the RTA from field production that was coneglato Ning (2017) and Eker (2018).
From the diagnostic plot, the linear flow region wdgsermined as the region with a slope of Y.
The points with the linear flow regime are plotted wiih field production data, and the effeetiv
permeability determined using the same process, Equation 3.22i0Bf1323 and Equation 3.24
and assumptions for the fluid properties, rock properties,hydraulic fractureThe simulation

RTA calculated effective permeability is approximately®10 10* md, which is the same

magnitude as the production RTA results.
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4.3  Reservoir Model Simulation Comparison

The differences between the models are contrastestrigsture and reservoir properties
In summary, the model structure incorporates the grie aiml pattern; whereas the reservoir
properties incorporate porosity, water saturation, permgabiliuid composition, relative
permeability, and compaction. The reservoir propertieshéndual-porosity model have large
differencedn fracture porosity, water saturation for the chalkppeEability of the marl, vertical to
horizontal permeability relationship#), initial pressure, stimulated reservoir volume prapsrt
and shape factor. Table 4.6 shows the structure comparistreforodel. The number of active
grid blocks, height of each cell, and pore volume pdrigebout 7 times larger in the current
model compared to Ning (2017)

Grid size impacts composition, saturation and pressuregekan each of the cells, and
total computer processing unit (CPPlime. CPU time increases exponentially with the numiber o
cells. The challenge is to design a tractable grid whitdnbas practical run-time with the cell
density needed to provide a realistic representation ofefervoir heterogeneity. Furthermore,
the style of griddingCartesian or orthogonal, impacts accuracy of the flae find numerical
dispersion near important features in the numericalilation (Aarnes et al. 2007). Orthogonal
four-corner point grids increase accuracy by reducing theagiéntation effects near wells, faults,
hydraulic fractures and highly heterogeneous areas (Durlofsky .2088) model comparison
between the two full-section models is shown in Figure.AM®n upscaling the model, each cell
block takes on an average saturation, pressure and permyeadilits during the simulation. The
upscaling of saturation averaging technigue is not very reliabl&édterogeneous formations
(Aarnes et al. 2007). Pressure changes in the cells imihectetal composition and saturation

change in the grid blocks of the model. Vertical reafpermeability are impacted by upscaling
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more than horizontal relative permeability (Aarnes ket2807), especially when there are
impermeable layers such as bentonite in the formasiam seen in the Niobrara. While larger grid
blocks reduce run-time, resolution and accuracy of the hiediegradedThe model grid block
uses an average of 100 feet by 100 feet by 2.5 feet in tiie &nd z-direction, respectively. The
grid is pillar gridded orthogonally away from the faults vtite thinnest cells at the faults in the
Niobrara and Codell reservoirs for the greatest amoursofiution. This type of gridding allows
for variation in the x-y-, and z-direction. Ning (2017) used a Cartesian grid bloclesysthere
every grid block is the same size; 100 feet by 100 feet ir-thad y-direction and 20 feet in the
vertical direction. The grid cells in both models incorpeimported hydraulic fractures that split
the grid at the center of the grid block. The centehefhtydraulic fracture grid block is set as a
two-foot wide grid block, and the cell widths increase logarithity towards the outer edge of
the grid block,asshown in Figure 4.12. To increase the resolution neanytimulic fractures,
four grid blocks were inserted on either side of the hydrdtactures for a total refinemenoif
nine cells for each of the grid blocks that include hydrafadicture refinements. The increased
refinement of grid cells in the hydraulic fracture grid blockduces the change in pressure
between the cells which increases the resolution wienical simulation and reduces runtime.
Table 4.6 Contrasts the model parameters of the current JoH28d8) model with the Ning

(2017 comparison for the total size of each 11 well model, tfpgrid style, number of layers,
active pore volume in each grid block and whether the nisdehkl porosity compositional model.

Model Comparison Johnson (2018) Ning (2017)
Eleven Well Active Grid Blocks 1,060,000 168,000
Well 1IN Active Grid Blocks 228,000 43,000
Gridding Orthogonal Cartesian
Layers 152 20
Active Pore Volume/Grid Block (ft°) 600 4,000
X/YIZ Average (ft) 100/100/2.5 100/100/20
Hydraulic Fracture Grid Block Cell Count 9 5
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Figure 4.13: Shows the difference between orthogonal founecopoint gridding (left) and
Cartesian gridding (right)

Figure 4.14: Displays the difference between the extrepolaf faults in a Cartesian model
(modified from Ning 2017) where the orange line shows thesfahiit extrapolate through the
section (top) and the current reservoir model whereottigogonal grid is built away from the

faults (bottom)
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Figure 414FRPSDUHYV 1D X O W model tding & Certesian grid, which inserts
faults along the Cartesian block edges, to the current mebete the orthogonal grid is extended
away from the faults. The orthogonal gridding method piewbetter resolution of flow along the
faults. There are over one million active grid cellstie orthogonal model throughout the
Wishbone section that covers all eleven wells. A sivgéll model using the fine-scaled model
orthogonal model has over 200,000 cells. In comparison @ (17) model, the full Wishbone

section with all eleven wells approximately 168,000 cells.

The grid size impacts the duration of a time step; thgdsintime step is based on the total
volume that can go through the smallest cell. The vérgsslution in the current modisliclose
to the well-log resolution, which allows for increased hmgeneity relative to Ning (2017)
however, because of the high resolution of the meltkevolume throughput in each cell is reduced
which increases the number of time steps; the total CPuniig approximately 50 times longer
than Ning (2017)Saturation and relative fluid flow is dominated by the g#yoof fluid flowing
through the grid block. Each grid block has a constant capjtlegssure throughout each time
step. In cells with higher fluid flow rate, relatiindividual phase flow rates are determined by the
viscosity effects. In cells with lower fluid flow, calaity-pressure dominates the relative individual
phase flow rateDepending on the size and location of the grid cells, flowhe cell could be
dominated by either viscosity or capillary pressure effiéamar and Jerauld 1996yigure 4.15
shows the grid impaatn water saturation in a waterflood scheme illustrating hod ignpacts
breakthrough. Figure 4.16 displays the oil rates for botlrseoand fine reservoir simulation
models in a single well production scenaridie model with the finest grid has greater initial
production and less cumulative production, ehile model with coarsest grid have less initial

production and greater cumulative production. The averatge gressures used in the model
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should be compared as well. The rates shown may showsa mwiatch, but a pressure variation

between the models must be considered because of lth®nehip between production (q),
permeability (k) and pressure (p). The relationship is shavanwaterflooding case completed by

Coats Engineering (2018) in Figure 4.Tthe pressure slowly increases to become the greatest
average field pressure&rid size impacts the time stefuid saturation, pressure, and relative
permeability in the modek TXDW LR Q DQ H[SDQGHG IRUP RI '"WWULR\QV /DZ
(o), which was calculated with effective permeabilityefl, height (h), total mobilit ), change

in pressure between reservoir and flowing bottsr® O H S U H.W, itde(bhr), arl skin (s).

QavdD L. L
'\4 SVQW%CEQA%U -vas;

Figure 4.15: Shows how the gridding impacts saturation of a latat simulation. The fine-
faulted standard grid shows the earliest breakthroughthgtboarse pillar grid showing the latest
breakthrough (modified from Thom and Hocker 2009).
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Figure 4.16: Shows a good history match between course and dileel-geid cells on the left and
the difference between the field pressure in the lyistmatch on the right (Coats Engineering
2018)

The comparisomf the final history matching parameters between Ning (2017 xtasd
study are showmiTable 4.7 ,Q VXPPDU\ WKH FXUUHQW PRPRIG)HI@as daJHODW L
horizontal matrix permeability that is greater by ondeorof magnitude; the vertical matrix
permeability is the same order of magnitude; the fracturengaility is less; the effective
permeability is less; the matrix porosity is slightlgdethe fracture permeability is an order of
magnitude less; the water saturation is greater; the essipility is the same; the initial pressure
is greater; and the shape factor is greater. While thealbemergy from pressure in the current
PRGHOYV VA\VWHP LV JU ke \AhH Effectiv& permdability is[ lessU@duting the
ability for the system to flow.

When comparing the final relative permeability curvestier matrix and fracture, shown
in Figure 4.17 and Figure 4.18, there are differences in tlgivieelpermeability endpoints,
irreducible oil and water saturation, and relative permegleikponents. The matrix relative
permeability controls the relative amount of each plpasduced from the matrix. The fracture
relative permeability has a greater influence on what idymed from the natural and hydraulic

fractures. Relative fracture permeability controls tlwsvffrom the reservoir. Different initial
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matrix relative permeability is used for oil-water and-gjquid in the current model than used by
Ning (2017). Data from a core flooding experiment on an nvewotional relative permeability
was used for a starting point for the water-oil matria gas-liquid relative permeability curves in
the absence of data (Cho et al. 2017). By comparing thexmalative permeability curves
between models, the irreducible oil and water saturatioténcurrent model was decreased.
Overall, both the oil, water and gas production from theleh less. The relative permeability
oil endpoint is less which decreases the amount ofivelail able to be produced compared to
Ning (2017) model. When comparing relative fracture permeglbilitves, the current model has
a lesser I endpoint which will decrease the water production from taetdre system and a
smaller kg exponent that will increase the amount of oil produced ftwersystem. The current
model has a largerdgrelative permeability endpoint which will increase the gaslypeton from
the fractures.

Table 4.7: Displays the comparison between for both thrermiumodel and Nin§ {2017) model.

The comparison shows the in8HUPHDELOLW\ N SRURVLW\ 3W\VBPW XUDW
initial pressure (p), and shapeFAWR U 1 WR WKH ItbhiQHe @odel VW R U\ PDW FK

Property History Match Values Ning (2017) History Match Valueq
Chalk Marl Fort Hays | Chalk Marl Fort Hays
“ug.d’ g (md) 2.80E-06| 2.95E-08( 1.78E-07 | 2.85E-07| 6.50E-08| 1.63E-10
“ugq0(md) 2.80E-08| 2.95E-10| 1.78E-09 | 2.85E-08| 6.50E-09| 1.63E-11
‘Ea- Ea- E4dmd) 0.0002 +0.01 0.008 +0.05
K ett (Mmd) 1.03E-04| 1.00E-04| 1.00E-04 | 5.00E-04| 5.00E-04| 5.00E-04
T 0.09 0.08 0.08 0.10 0.07 N/A
e 0.01 0.01
Sw,m 0.33 0.41 0.32 0.23 0.38 N/A
Swif 0.1 0.1 0.1 0.1 0.1 N/A
%0 « %05, §1/pSi) 1.00 E-06 1.00 E-06
. 4205 +4330 4330 +435( 3679 3775 3775 +380(
pi (psi) (0.57 psifft) | (0.57 psift] (0.5 psifft) (0.5 psiffr)
1 Hw 0.05 £0.25 0.05 +£0.48
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4.4  Value of Outcrop for Input into Simulation

Outcrop data provides qualitative insight to the reservdwédxen the seismic and wellbore
scales. Seismic provides large scale (60+ feet) and wepletr@physical data level provides small
scale (0.5 - 5 feet). In the reservoir many heterogesaiccur between 5 and 60 feet, such as thin
lithofacies changes in the zone, sub-seismic faultsirapermeable bentonite beds which impact
hydraulic fracture growth and reservoir fluid flow. Coreadistrelatively scarce compared to the
number of wells drilled. Incorporation of outcrop ampoprovides qualitative insight into
contiguous subsurface sedimentology and structure to bridgg@amebetween seismic and

wellbore data scales

Outcrop provides a link to the subsurface with sedimentologm fwell-established
SULQFLSOHV VXFK DV WKH /DZ R I/ BXv&iehUaBodwy tovdldRap dd Q G
sequences, facies, and depositional environments (San@&B8n Sedimentology is the synoptic
record of climate, provenance, organic and inorganic tecfmocesses on the depositional record
A sedimentology study of the outcrop provides infornratibout spatial continuity of the reservoir
character, which can be used to build a made¢he subsurface. Structural deformation reflects
the post-depositional impaof stress, strain, and diagenesis on the material prep@tftithe rock
within the stratigraphic assemblage. While there is inltewmenertainty in direct inference of
surface observations to reservoir properties in the siaasyroutcrop studies provide invaluable
analogues to understanding spatial relationships when comadiepty structural relationships

required in building semi-quantitative reservoir models.

Topologyis the study of the relationship between structural featstesh as faults, joint
sets and shear sets, is important to determine oriemtétequency and intensity of the fractures.
Spacing of the fractures, which are usually equal to bed tresKfracture saturation) and fracture
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intensity have an inverse relationship. An iterative pgecef fracture geometry, topology,
kinematics and deformation history of the outcrop isduso build a geomechaiaicmodel
Topology suggests that qualitative assessments regardhiny\&riation across larger structures,
such as natural faults can be made and used in a geonua¢mamdel. An accurate outcrop to
subsurface geomechaaienodel, important to low permeability reservoirs, should ugearsive
workflow that uses dip and azimuth of the faults, jointd simear sets, sequence the events, and
relative stress causation and rock properties. The qutorsubsurface should use core and other
log suites to calibrate the model to the subsurface byrdetieg similar dip and azimuth
orientations in each lithofacies. However, the catibrefrom outcrop to subsurface is being made
by well data that is limited by scale, so the data shouldalibrated with care since surface
structures may be completely different or nonexistettieé subsurface. Some of the outcrop joints
and fracturing may be from deformation due to uplift. Fagloccurringin the subsurface will

show mineralization from circulated fluids and a senseation (Gale et al. 2014).

Outcrop studies can provide a qualitative understanding of ubsugface for both
sedimentology and structure. Sedimentology gives undelistanf depositional distribution and
sequences, TOC of the source rock and some informatiorthatdiagenetic process. Outcrop
studies also give a qualitative, and some careful quaweitaterpretations of the structure which
bridges the scales between seismic and well log obsearsdtioough careful outcrop to subsurface
calibration with outcrop, seismic, well logs and core sitia It is important to understand that a
guantitative understanding of the current stress and seagime will differ between outcrop and

subsurface.

105



CHAPTER 5CONCLUSIONS AND FUTURE WORK

5.1  Conclusions

The reservoir simulation static geologic model for Wl in the Wishbone Section,
Wattenberg Field, was constructed by integrating various gtidit and quantitative
interpretations of the subsurface data. This well was chHzsEause of its large spacing compared

to the nearby wells, thus minimizing well interference.

The static geologic model was used to construct a dynamicrflodel to assess mass
transport in the reservoir, and to forecast future perfocearom Well 1N. In addition to

performance forecasting, we arrived at the following amsiohs:

1. Outcrop data provided information about reservoir sedimegyplmck texture and
pore structure (including fractures) which was used to constsudisairface model.

2. Discrete fracture network provided qualitative insight to whatréservoir may look
like, but the DFN could not be quantified for fluid flow modelemgd mass transport
in reservoirs. Thus, we resorted to the classic dual-ggnosideling.

3. It is important to be cautious about the ultimate architeadfirgtatic and dynamic
models because of the nature of data and the limitadibtie computing tools.

4. History matching results suggest that the Niobrara (andr attieulated shale
reservoirs) has an unexpected large stimulated fractaresipy of about 0.01.
(Stimulated fractures include the set of fractures ctingisof micro and macro

fractures created by well stimulation during the multi-stiageturing process.)
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5. Stimulated fracture is the main sink for the tight matoiXeed, it is also the flow path
to carry fluids from the matrix to the hydraulic fractyretherwise, the reservoir would
not perform as well they produce.

6. The assessment of hydraulic fracture propagation andrdgtstectural properties
showed that fracture propagation is influenced by well locatiosereoir facies and
pre-existing tectonic faults. The use of diagnostic nactinjection test (DFIT) in
fracture analysis improved our understanding of hydrauli¢ures.

7. Grid orientation and structure impacts numerical accyu@ogram runtime, OOIP and
RF. Hydraulic fracture geometry that is placed into theGCMumerical simulation
model has unrealistic large width and pore volume; noretbelwe can live with it
because it is designed to reduce the computer run time. fHeu®OIP and RF must

be corrected for such inconsistencies.

In this study, the geologic framework (Grechishnikova 2017) waanpeerized using
thirteen vertical wells, eleven horizontal wells, antbee well approximately four miles away. In
addition, non-uniform, heterogeneous hydraulic fracturergmetation by Alfataierge (2017),
originally built around Nind] (2017) geologic model, was characterized using a new
parameterized geologic model from this reseaidie non-uniform, heterogeneous hydraulic
fractures were placed into the numerical simulator. Theenigal simulation was further
parameterized, history matched, and results analyzed.n@iheerical analysis includes rate
transient analysis (RTA) comparison between actuakandlated results. The model was, then,
gualitatively compared with that of Niffg§2017) model. Evaluationof LQ J TV PRGHO ZC
indirect because thereawtoo much variability to complete a direct, quantitative parson. In

summary, Nind[ Y2017) matrix pressure, relative permeability and shaperfaetce different
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but the fracture variables were similar. Furthermore gtiee structure was different. Because of

the differences, a quantitative conclusion regardinyahg of outcrop data was not possible.

Outcrop provides a good basis for extrapolation of infdirom about TOC, deposition
environment and relative stratigraphic height changessiractural changes between the outcrop
and the subsurface is a difficult extrapolation becafiiee uncertainty in the relative differences
between stress and strain, different kinematics, amurmiefion history. Outcrop offers insight
between the wellbore and seismic data resolution in twerBians which can assist in estimating
the number of fracture sets, and qualitative informaggarding the fracture spacing and intensity

for the numerical simulation.

History match was achieved by balancing initial matrix pedoigy and fractue
permeability, matrix relative permeability and fracture redapermeability, fracture porosity, and
shape factor for the model. Matrix permeability was greatuced from the initial MICP
permeability values suggesting that the matrix permeabiligyaatly impacted by stress. Relative
permeability was changed to increase GOR suggesting the initial fdamn two-phase
experimental work and three-phase permeability from litezateeded to be modified to fit the
unconventional Niobrara Wishbone section for the histoagch. By changing the relative gas
fracture permeability to reasonable limits, a match wasaobieved. The GOR was matched by
increasing the fracture porosity suggesting that the Nialsgstem has greater fracture porosity

than initially expected

A fracture porosity and rock compaction study was coragdlen the model, which shows
that fracture porosity is a major contributor to welbguction and GOR, and increased rock
compaction influences increases oil production and decré&a®&d The fracture porosity acts as

a major sink for gathering the matrix flow contributidie implications of these results are that
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the Niobrara may have greater transmissivity throughehnidfacture porosity in the system. A
rock compaction study was completed on the history mdtetzelel which showed that increased
rock compaction created larger production from a greatepaction drive. Furthermore, there
was a decreased GOR due to larger compaction drive because pressare was exerted from
the reservoir, thereby, retaining the gas in the orlaly, as rock compaction decreases both

permeability and porosity decreases.

Hydraulic fracture interpretation results were integratéd the model. The hydraulic
fracture simulator uses finite difference method to datexnfracture propagation. Hydraulic
fracture interpretation shows that the hydraulic fractesctivates natural faults in the model.
Natural faults act as a conduit for the proppant and fluegstape into the formation. Simulations
and previous hydraulic fracture studies show that the condyctsvicreated from hydraulic
fracturing that connects the formation to the wellbdw@yever, the greatest conductivity is not
always nearest to the wellbore. Furthermore, simulatitsts show that well landing in the facies
impacts the dominant fracture growth direction. For exantpe wells landed in the upper portion
of the C chalk have dominant direction downwards, compareldetavells landed in the lower
portion of the C chalk or upper C marl, which shows dontifracture propagation upwards. The
fracture conductivity in the model ranges from 2 - 15 mdtlier hydraulic fractures from the

model.

An analysis of the OOIP and recovery facbdrthe hydraulic fracture was conducted to
compare the numerical simulation with the actual hydrafnticture model. The OOIP for the
numerical simulation is greater because the grid getlse numerical simulation for the hydraulic
fractures are two feet wide, compared to 0.01 feet in th&ldtydraulic fracture. This creates a
sizeable difference of the OOIP of approximately 45 MRBBILthe hydraulic fractures. This
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impacts the history matching results of the numericallsitiaun because the fluid in the hydraulic
fractures are produced prior to the matrix. Thereforeatgr initial production was seen by the
model compared to hydraulic fracture simulation with grid bl&dcR4 feet wide. If the simulation
model had cell widths on the scale of 0.01 feet wide fernydraulic fracture, there would be
excessively long runtimes and a supercomputer would be necessampute the model. Finally,
since there is a greater OOIP from the hydraulic fractard®e numerical simulation, the results

show a decreased recovery factor from the numerical siowlaodel.

Accuracy and runtime of the simulation is impacted bg gtiucture, size and type of the
model. The type of grid impacts how flow is modeled alangtfplanesan orthogonal grid, was
used sincet is known to improve accuracy of results compared to a Santgrid. The grid size
impacts the total runtime of the model because the tiegpeisdependent upon the maximum flow
through a single celfine-gridded cells allow less volume through each cell, which insesarun-
time. As cell sizes are decreased, run-time increagementially. Reduced cell size increases
accuracy of the model for flow along the faults andhnzone of interest; however, it is important
to determine the proper balance between accuracy, rurgintecomputer resources for the

numerical simulation to achieve desired objectives.

5.2  Proposed Future Work

My recommendation for the future work includes:

1. Evaluate the effect of gridding on history match, fasé@nd runtime.

2. Conduct a new history match for the eleven wells intishbone section using the findings of
this thesis.

3. Further assess the use of gas injection enhancedmikry for Wishbone Section.
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Evaluate the Effect of Gridding on History Match, Forecast and Rutime

This study could further benefit from a comprehensive cospabetween Cartesian and
orthogonal approaches to grid type and size. This woulcaser the understanding the
difference between Cartesian and orthogonal grid comventional systems by comparing the
differences in the history matching variables. Grid size atgpthe accuracy for both saturation
and relative permeability in numerical simulation. Detemgnnumerical simulation runtime
comparison for different grid sizes would help quantify tldue of time spent on each run
compared to the accuracy of each model. The objectives Wweull compare the relative merits

and trade-off for accuracy compared to runtime.

Conduct a New History Match Using the Eleven Wells in the Wishbone S&on
A single well model was created, history matched, andake analyzedRuntime for each

model variation of the single well took approximately 22its to complete for one year of data
Initially, a significant effort was made to complete nuicarsimulations on the full eleven well
model; however, due to computational and time limitations, @nlgingle-well model was
simulated. A similar model of the Niobrara and Codedt tied over one million cells would take
over seven days to run a single history mai¢ih the installation of supercomputing clusters for
models of this magnitude will become manageable with runtohabout seven hours (Wallace,

et al. 2016)

Conduct Improved and Enhanced Oil Recovery Model for the Wishbon&ection

The estimated ultimate recovery from unconventionahou is approximately 4:6%
(Alharthy et al. 2018) With supercomputing capabilities, the history match for ¢leven
Wishbone wells could be used to estimate the ultima&i@vezy by forecasting production for 25
years for the sectio he simulation could show the drainage radius and inierabetween the
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eleven producing wells, leading to an understanding of produettbm the section. With a low
EUR for unconventional reservoirs, both improved and esdwroil recovery studies are
important to increase overall recovery efficienoyproved oil recovery can increase the recovery
factor from refracture candidates and infill wells deteed by simulated drainage radius of infill
and refractured wells in the Wishbone section; the simulaan model the increased EUR from
IOR. Enhanced oil recovery can increase the recovery f&cor the injection of enriched gas,
carbon dioxide, etc., which can be simulated to determine¢heased EUR, in a similar fashion
to that of Ning{ §2017) modelenhanced oil recovery mechanisms that increase theodiliption
are molecular diffusion, mass transport, re-pressusizavil swelling, viscosity reduction and
wettability alteration (Alharthy et al. 2018). The increaseldrecovery from improved and

enhanced oil production could be modeled in both the sigllemodel and full section model.
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