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ABSTRACT

The technologyf multi-stage fracturing of horizontal wells made the
development of shale gas reservoirs become greatly successful during the past decades.
A large amount of fracturing fluid, usually from 53,000 bbls to 81,400 Ishisjected
into the reservoir to create the fractures. However, only a small fraction of injected
fracturing fluid from 10% to 40% has been recovered during the flowback process and
the long term shale gas well production period. Possible mechanisrog/florad
recovery include ineffective dewatering of the propped fractures, matrix pore scale water
retention related to imbibition, capillary fluid retention, relative permeability, and water
held up in a fracture network (complexity) opened or reopenedgifracture
treatments.

This work is critical both to understand existing shale gas well performance and
to improwe shale gas well designs. Current treatment practices that promote fracture
complexity as an objective may be misplaced in some shale formeafs well, the
number of fractures seemingly created from so many perforation clusters per fracture
stage may be undermining the ability to dewater created fractures. The insights derived
from this research reveal important differences in load recdadrgvior that may
impact well performance in different shale formations and highlight how efégtitve

wells are draining the stimulated shale volume



To my family



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude to my adwasw committee chair
Dr. Christine Ehligeconomides for her dedication and support throughout my Master
study and research. Also thanks to my committee members, Dr. Yuefeng Sun, Dr. Peter
P. Valko and Dr.Eduardo Gildin.

Thanks to Apache Canada, Ltd., EOGs&erces, Inc. and Drilling Info for
providing the data for this research.

Thanks also go to my friends and colleagues and the department faculty and staff
for making my time at Texas A&M University a great experience.

Finally, thanks to my mother and iigr, and my sister for their encouragement.



Ywater

NOMENCLATURE
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CHAPTERI

INTRODUCTION

This chapter explainge research objectives, the approach followed for the
research, and the significance of the results. It ends with a summary of the thesis

contents

1.1 Study Objectives

The main objective of this work is to clarify the production mechanism of
injected facturing fluid and to characterize the impact of remaining injected fracturing
fluid on the production performance of shale gas wells producing from different shale
formations with different well and reservoir properties. Shale formations that appear to
be adversely impacted by low load recovery could be targets for alternative treatment
strategies or fracturing fluids. In particular, it may show whether to denaidifferent

fracture fluidor whether to alter the well design.



1.2 Approach

The gproach was to collect long term production data from different shale
formations in the US and Canada and make diagnostic plots to analyze the flowback
behavior of injected fracturing fluid. Unfortunately, most operators do not report water
production datauitable for this study, and many report none at all. However,
observations on shale wells in the Horn River and Barnett shale formations have
revealed that the watgasratio versus cumulative gas production tendsequently
exhibit 2 characteristibehavior trends. We have seen that the characteristic trend early
on inproduction showing wategasratio (WGR) to be dropping as the reciprocal square
root of cumulative gas production may reflect displacement of injected fluid by
produced gas. The trefior lateron showing WGR dropping approximately linearly
with cumulative gas production may correspond to water vaporization in the produced
gas and may continue until the WGR drops to a level approximately that of water
solubility in methane.

Diagnostc plots ofwatergas ratio versus cumulative gas were made for 16
horizontal wells in the HorRiver Shale gas reservoir and igrizontal wells in the
Barnett Shale gas reservoir. The diagnostic plots may reveasiworndehavior for each
shalebut different behavior for Horn River compared to Barnett. We estimated the water
solubility level for Horn River shale and Barnett shale formations and compared the

WGR to this value. By tiapproach, we were able to sdeether the long term



behavior of the wadr-gas raticapproacksthe water solubility valuelable 1.1is a

summary of all the work which has been finished.

Table 1.1 Thesis Work Plan

Thesis Work Plamf== Completed) QL12 | Q212 | Q312 | Q412 | QI-13 | Q213 | Q313 | Q413

Horn River Shale Study

Production Data Analysis

Water Entry in PL Surveys

Literature Search

Data Gathering

Water Production Analysis of Horn River Shale

Water Production Analysis of Barnett Shale

Recamciling Observations with Literature

Report Writing




1.3 Significance

The observations from this work help to evaluate the shale gas well performance
and to make an improvement in the shale gas well designs. Results of this research
indicates differences in load recovery and well performance behavior for the Horn River
and Barnett shale formations that relate to whether the wells are effectively draining the
SSV.

This study helps to clarify whether low load recovery is an issughfdle gas

well performance.

1.4 Thesis Summary

Thisthesis includes five chaptefBhedescription of each chapteras follows:
Chapter I: Introduction this chaptemcludesthe study objectivesthe approach,
thesignificance of this research wodnd finally ends with the thesis summary.
Chapter IlI: Literatureeview- this chapter provides a brief reviewpdrameters
affecting fracturing fluid flow behavior in shale gas resessamdmechanisms
impacting fracturing fluid recovery including gl loading, water displacement and
vaporization processes. A final section addresses flowback analysis and modeling.
Chapter lll:Injected fracturing fluid production analysis in the Horn River Shale
- this chapteanalyzeghe Horn Rivershaleproductiondataby using several diagnostic

and specialized plot3 hefracturing fluidflow regimes will be shown othose plots

4



Then the production performance of Horn River Shale wells wilvaduatedThe
conclusion will be maden thekinds of water productn mechargmsin Horn River
Shale andhe impact of load recovery on well performance.

Chapter IV:Injected fracturing fluid productiobehaviorin the BarnettShalei
the studyproceduregor Barnett Shale ithis chaptearethe same as in Chapter Mhe
diagnostic and specialized pldatsidentify the water production regimes and potential
production problemwill be shown.Then theevaluation oforoduction performancier
BarnettShale wells willbe providedn this chapterThe conclusiomcludesthekind of
water production mechanigm BarnettShale and the impact of load recovery on well
performance.

Chapter V: Conclusions and recommendatiotisés chaptesummarizesill the
findings andresultsdeveloped throughotibis studyand comparese similarities and
differencesdbetween the Horn River Shale and Barnett Shdiées chapteanalyzeghe
impactof load recoverynwell performance oéach shaleA recommendationn future

work is also included.



CHAPTERII

LITERATURE REVMIEW

This section provides background information about parameters affecting
fracturing fluid flow behavior in shale gas reservoir, mechanisms impacting fracturing
fluid recovery including liquid loading, water displacement and vaporization processes.
A final section addresses flowback analysis and modeling. We begin with parameters
affecting fracturing fluid flow including capillary pressure, fracture complexity, and

fracture conductivity.

2.1 Capillary PressureEffects

Mahadevan (2005)suggested thatamovered fracturing fluid is trapped in the
rock matrix near the hydraulic fracture due to the high capillary pressure in the shale
matrix, and that relatively high water saturation around the hydraulic fractures reduces
the relative permeability of theydrocarbons. However, some studies showed that higher
|l oad recovery of injected fracturing fluid
Holditch (1979) ndi cat ed t hat i f t heatlyfredwecthewockk ng f | u
permeability, water will not block the gas flow, and sufficient pressure drawdown will
overcome the capillary pressure and result in the same cumulative gastiomd

Parekh and Sharma (20®Howed that if the ratio of pressure drawdown to the capillary

6



pressure and the relativerpeability is very high, the cleanup of water block in the rock
matrix will be faster.
Lolon et al. (2008%aid thashortterm flowbacks may cause gas phase trapping
and fracture face damaging in low permeability reservoirs. Eithertemng flowbacks
that achieve the highest -sgagsioblcd eraantuegp onfi td

succession of treatment stagesl commingled flowback should be considered.

2.2 Fracture Complexity Effects

King (2010)indicated that fracture complexity may be the main reason of low
water load recovery. The low water load recovery may be related to relative permeability
in the natural fractures, related wetting phenomena, and the tortuous path from the far
reat of hydraulic fractures. The stimulated reservoir volume may be smaller than the
outer extent of fracture fluid penetration. Unrecovered fracturing fluid in the smaller
natural fractures may block the flow path. The capillary pressure and water satiaration
the smallest pores and fractures are very high, and therefore a very high pressure
drawdown is needed to start the flow. In this case gas produntigirt be increased by
reducing the capillary pressure. The backflow analysis should differentiatecpoodu
performance from a fracture ranging from initial afiexc flow to stable production. In
paticular, capillary pressure becomes larger after the fracturing fluid is recovered at the
early time and the water saturation decreases. Therefore, theevahthsalinity of

recovered fluids may suggest the flowback mechanisms. .

7



Warpinski et al. (2008)roposed that because the pressiuop and fracture
network conductivity are very low, it is hard to recover water from the far reaches of the
network, especially the junctions of orthogonal sets of fractures. Fast fluid cleanup and
high load recovery may indicate the creation of a sirffrplgture instead of a significant
fracture network. He also noted that the cleanup of toe stages is often not as good as the
heelside stages. Some horizontal wells are designed with a slight upward incline in
order to drain water more easily.

Thompson et al. (201@pserved that higher water recovery of wetay result
in lower initial production rates and higher decline. They explained load recovery of
morecomplex fractures is less than that of more pkiyae fractures. Wells with more

complex fractures have lower fracture gradients and better production

2.3 Effect of Fracture Conductivity

Modeland et al. (20119aid the estimated ultimate recoveries of wells are
increased by less aggressivBowing them back in Haynesville shale play. The
HaynesvilleBossier Shale is soft and the operator keeps a high BHFP to prevent
formation fines going into the proppant pack and damaging the conductivity during the
early production. The bottomhole flowipgessure declines during production, and the
stress on proppant becomes larger. Because of this the propped fracture conductivity is
reduced due to proppant crushing and reduced proppant porosity. Therefore higher

fracture conductivity should lead to lettleanup and higher load recovery of water.

8



Crafton(2010)indicated that the flowback process of initially -géled natural
fractures and gasnergized fluid systems is quite different from that of the initially
liquid-filled fracture systems. The gas filled system has very high pressure and highly
compressiblgas fAbubbl ed beyond the stimulation |
hydraulic fractures. This process is not sensitive to the flowback rate. However, the
liquid voidage effect of the initially liquidilled fractures is very poor. Due to the lower
compressibility and higher viscosity, a higher pressure drawdown is needed to achieve
the same mass rate. The pressure gradient near the fracture face varies away from the
well, particularly when fracture conductivity is low enough to result in significant
pressure gradient in the fractures. Therefore, a high proppant conductivity is critical for
such systems.

Craftonand Gunderson (2006gid that excessively high flowback rates can
result in proppant flowback or fracture collapseutiihg the well in before the initial

production has influence on future performance.

2.4 Effect of Liquid Loading

Turner et al. (1969aid that ligiid phase is produced during the natural gas
production from underground reservoirs. The presence of liquid phase has an effect on
the flowing characteristics of the well. The higher density liquid phase must be
transported to the surface by gas. If the gannot provide enough energy to lift the

liquid to the surface, the liquids will accumulate in the wellbore. Two physical models
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are proposed for the liquid removal in gas wells: liquid film movement along the walls
of the pipe, and liquid droplets assded with the high velocity gas. The critical

condition to transport liquids from gas wells is the high enough gas velocity to transport
the largest drops to the surface.

Zhou and Yuan (2009roposed that besides liquid film and liquid droplet
mechanisms, a third mechanism liqulidplet concentration should be considered for
liquid loading in gas wells. If thiquid-droplet concentratiois higher than a critical
value, the criticabas velocity changes with the concentration.

Kuru et al. (2013yuggested that nerecovered water carls® accumulate in the
fractures The height of hydraulic fractures in horizontal wells is usually from tens to
hundreds feet. Liquid loading in the fractures will have a great impact on the gas flow. In
this case the effective stimulated shale volume would be reduced even when the pressure
drawdown is greater than the capillary pressure. Two main parameters, capillary
pressure and gravity, may impact the fracture drainage. Cyclic shut in and high
production rates lead to proppant crushing and therefore increase the capillary pressure.
The hgher capillary pressure makes it difficult to clean the remaining water in the
propped fractures. The direction of gravity relative to the drainage direction is related to
the sweep efficiency in the fractures. Drainage in the fractures above theiwell is
gravity direction, and drainage in the fractures below the well is against the gravity
direction. The drainage against the gravity direction is unstable and liquid loading may

happen in the fractures.
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Whitson et al. (2012ndicated thatyclic shutin method can effectively prevent
the liquid loading of stimulated vertical wells and horizontal rrudtctured wells in
low-permeability gas reservoirs. The cyclic siruperiods are very short, so the time
required to produce ultimate ecaniz recovery of gas will not become noticeably

longer.

2.5Impact of Water Displacement and Vaporization

These studies did not consider the vaporization of the retained water during the
long term gas production.

Rushing et al. (200&aid natural gas reservoirs exploration and development
activities were at depths less than 10,000 ft beforesl98@d most of these natural gas
reservoirs have normal pore pressure and temperature gradients. Then natural gas
reservoirs exploration and development extended to depths from 20,000 to 25,000 ft.
The pore pressure and temperature gradients in manysef deep natural gas reservoirs
are abnormally high. Natural gases at such-pigissure and higtemperature reservoir
conditions contain a great amount of £®,, H,S, and water vapor. Naturgds is at
thermodynamic equilibrium with the connate liquidter at first, and then will be
saturated with water vapor at specific reservoir conditions. The abiltaier vapor
dissolved in naturajas is affected not only by reservoir pressure and temperature, but
also natural gas and connate water propettgger reservoir temperatures and heavier

hydrocarbons in natural gas can improve the water vaporization process. The amount of
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vaporized water will increase as the reservoir pressure decreases. Because liquid water is

removed, salt concentration in then@ning connate water will increase. W/eait

concentratiorapproaches the saturated conditions, mineral precipitation will happen.

Salt deposition can reduce permeability in the rock pore system and cause well plugging.
Sage and Lacey955)conducted laboratory measurements of water vapor

content under different pressures and temperatures conditions and the measurements are

plotted in Figure 2.1.
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Figure 2.1: Laboratory Measurements of Water Vapor Content(Epaminondas
C. Voutsaset al., 2000)
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Newsham et al. (200&pndicted laboratorsbased vapor desorption process and
concluded that the ulti@w water saturation, abnormally high capillary pressure, and
increased salinization of the water in formations may be caused by the vaporization of
liquid water as gases flow thrgh the formations.

Maxwell et al. (2008)ndicated that as the gas pressure in near wellbore region is
reduced, the gas becomes undersaturated. The fully saturated gas flow through the
watersaturated rock and water evaporation happens. The cleanup obloates
happens in two mechanisms. The first is immiscible displacement of water from the
formation by the flowing gas. This is followed by a long time evaporation regime, often
for several months. The remaining water saturation profile is differentverar hight
permeability rocks. Therefore, the resulting gas relative permeability or the well
productivity depends on the rock permeability and the well drawdolaremoval of
water blocks can be enhanced by: first, influencing the displacement regicoad,
increasing vaporization rate by adding volatile solvents.

Maxwell et al. (2008ronducted simulations to investigate the effect of
parameters such as reservoir permeability, drawdown, temperature, and the volatility of
the liquid on the cleanup @fater blocks.

Mahadevan et al. (2008eveloped the following equation to model the

evaporation regime:

TYel ot p

Tt % Y T o
5T & R
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Where hey definedd + ———, the subscripts 0 and L corresponds to the

injection and produwdtliiany ,emddsd.s a inodtiHfd eglag

time, and S is the water saturation.

2.6 Flowback Analysis and Modeling

Munoz et al. (20093uggested that segment-segment flowback analysis
utilizing chemical tracers should be conducted to find the accurate relationship between
shortterm flowback and longerm postfrac performance. The initial pesiac
performance is more related to the ne@tlbore cleanup than the fréip. However,
effective fraetip cleanup can greatly improve the pérsic performance during late
production.

Leonard et al. (200®emonstrated that a higher fracturing fluid recovery may
not indicate better postompletion well performance.

Willberg et al. (1998showed a filel study in the Barnett shale shows that a
better fracture clean up can improve the well productivity. Both polymer and load water
recovery were increased by forced closure and aggressive flowback. The Barnett shale
does not produce formation water. In floymations, such as the Barnett shale,
aggressive flowback procedurean enhance fracture cleanup.

Batohie and Maharaj (201)dicated that an area of twahase fluid saturation
is in the shale reservoir around the hydraulic fracture. The capillary pressure can hold the

water inplace and greatly reduce well productivity. The gas flow rate decreases due to
14



water saturation. When the initial water saturation in a shale reservoir is below the

critical water saturation (the saturation at which water begins to flow), water does not
have an impact on the hydrocarbon phase flow. The capillary force is higher in tighter
rock. The capillary forces in a lepermeability shale are so high that water in the-near
fracture area can be imbibed into the rest of the reservoir. Then the flow baused

by fracturing fluid can be removed in the né@cture reservoir area. This also allows a
reduced pressure drawdown and a longer period of time that production is above the dew
point and with a maximized well productivity. The effect of waterddog to clay is

another mechanism of water dissipation process.

Cheng (2010¥uggested that rapid imbibition of water into the matrix and
dissipation of water beyond the ndeacture areas improve fracture clean up and
increase gas production rate. Extendledtin can reduce water rate and increase initial
gas rate without impact on the leteym production. .

Clarkson (2012proposed that early fluid production and flowing pressure data
collected after fracturstimulation can be used to generate legn production forcast
in shale ga reservoirs. He used the shtatm flowback data to determine induced
hydraulic fracture properties. The forecasts generated by flowback data fitlihe on
production data very well.

llk et al. (2010)suggested that a ldgg plot of gas water ratio versus cumulative
gas can represent flow regimes of water

regimes might indicate about the well.
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2.7 Non-flowback Related Produced Water

Agnia et al. (2012)ndicated that well interference has great impact on the
production of hydraulically fractured horizontal shale gas wells. The gas rates decreased
and water ratecreased due to this reason.

Ehlig-Economides et al. (2012)so observed thabme wells in Horn River
shalehave a large increase of water production which might come from wells in an

adjacent pad during theydiraulic fracturing treatment.

2.8 Chapter Summary

This chapter has providedliterature revievof previous resachwork about
parametersifecting fracturingfluid andfracturing fluid production mechanisms.
Chapter Il will apply these theories aadproachs toidentify thefracturing fluid flow
regimesn Horn River Shale anthe production performance of Horn River Shale wells

will be evaluated.
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CHAPTERIII
INJECTED FRACTURINGFLUID PRODUCTION ANALYSIS IN THE HORN

RIVER SHALE

Chapter Il briefly describekiey facor impacting the fracturing fluid flow in
shale gas reservoirs, possibilities may resulting in low fracturing fluid recovery, and
fracturing fluid production mechanismghis chapter willuse the logog diagnostic plot
to identify the water production mieegnism and potential production probleofishe
Horn River shaleThe impact of load recovery on well performance will be investigated.

We start with ageneraldescription of the shale.

3.1 Horn River Shale Reservoir Background

The Horn River Basin isiithe northeastern part of British Columbia. The shale
gas reservoir area is about 3 million acres on the North of Fort Nelson town, as shown in
Figure3.1. The gas shales in Horn River Basin are from the Middle and Upper Devonian
periods and include thevie, Otter Park, and Muskwa members of the Horn River
Formation (Figure3.2). The Evie and Muskwa members are the mainly developing shale
gas plays because of high silica and organic contents. A 150 ft thick Middle Devonian
Carbonate is between the Eviedadtter Park membees shown irFigure3.3(Reynolds

and Munn 201
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Figure 3.1: Horn River Basin Location Map (British
Columbia Ministry of Energy and Mines 2011)
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SOURCE: Britizh Columbia Ministry of Eneray Mines and Petroleum Resources

Figure 3.2: Stratigraphic Chart of the Horn River Basin
(Reynolds and Munn 2010
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Figure 3.3: Crosssection of the Horn River Basin(Johnson et al. 2011)

The northwest heart of the Horn River Shale play is 450 to 500 ft thick, and
becomes 150 ft thick and shallower in the southeast near the Peace RivEharch.
average depth of thduskwa is nearly 8,500 ft TVD. The northwest deeper section is a
High Pressure / High Temperature area, with a reservoir temperature of 347 °F and
reservoir pressure of 7,250 psi. Some properties of the shale are listed in Table

3.1(Johnson et al. 20)1
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Table 3.1 Reservoir Properties of the Horn River Basin

Properties Value
Thickness, ft 450
Water Saturation, % 25
Matrix Permeability, nD 300
Porosity, % 3.5
Adsorbed Gas Content, % 20
Total Organic Carbon, % 3
Thermal Maturity 2.5
Silica Content, % 62
Pore Pressure Gradient, psi/ft 0.75
Raw OGIP, bcf/sec 175

The core tests show that open natural fractures exist across the basin and mini
fracture tests indicate the pressure dependent leakoff. The high tectonifrsinettse
Rocky Mountains to the southwest area results in elevated fracture gradient. Clay
content in Evie and Muskwa Shales is very low, which means the rock is brittle and

suitable for hydraulic fracturin@lohnson et al. 201

3.2 Horn River Shale ReservoirData Overview

This study includes analysis dd lhydraulically fractured horizontal wells drilled

from a pad in two opposing directions as shown in FigutéNells on the northwest

side of the pad was drilled across the faults mapped in FgirEach stage hasi13

perforation clusteréEhlig-Economides et al. 20).2

20



Figure 3.4: Horn River Pad Map

Production data includes daily gas and water production rate, and surface
pressure during 1¥ears production period. FiguBs shows the production and

pressure history of one well in Horn River Shale.
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Figure 3.5: Production and Pressure History of Well in Horn River Shale

Generally water is still produced after 1.8 yearproiducing natural gaghe
cumulative water does not level off duritigs time period. Tiere are two slt-in
periods can be recognizeffter each shuin period,both thegas production ratesnd

the water production ratsgem increasd dramatically

3.3 Water Production Mechanisms

In this section we provide the interpretation and amslgf gas and water
production data. The production data analysis is aimed to provide indications of
fracturing fluid flow regimes as well as a diagnosis of any potential production

problems. The approach used in this section is that of diagnostic ptbspecialized

22



plots for multiplewell sets of longerm production data. As suggested by one of the
many suggested plots by Ik, et al. (2010), thelt@ggraph of wategasratio (WGR)
versus cumulative gas production shows a characteristic trencefbiotim River wells.

In Figure 3.6 we provide a combined plot of the WGR versus cumulative gas

production for all of the wells in the Horn River Shale Reservoir. This combined plot
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Figure 3.6: Water Gas Ratio versus Cumulative Gas Production Diagnostic Plot

shows the similarity flow trend for most of these wells. As shownguarE 3.6, all of
the analyzed 15 hydraulically fractured horizontal wells have an apparent early flow
regime, which is shown as a minus half slope on thédgglot of WGR versus

cumulative gas production. Eight of the wells show in later flow regimeas unit
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slope. The intersection point of minus half slope and minus unit slope is at about 200
million cubic feet.

Figure 3.7 is a Cartesian plot of water gas ratio versus cumulative gas production
for all of the analyzed well§ he water gas ratio dps quicklyat firstand then becomes
leveling off during the long term production tinome wells have a relative higher

water gas ratio compared to the other wells.
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Figure 3.7: Water Gas Ratio versus Cumulative Gas Plot

Figure 3.8 is a lodog diagnostic plot ofvater gas ratio versus cumulative gas
plot for wells withhigherwater gas ratidt is clearthat those wells show a misihalf

slope initially and thea minus unit slopéor acertain timeHowever, those wells do
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not show an exactly minus unit slope because ofetlagive higher water gas ratwe

noticed.
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Figure 3.8: WGR vs. Cumulative Gasfor Higher Water Gas Ratio Wells

Figure 39 is a plotof water gas ratio versuslendatime for thewells not
showing the exactlylate minusunite slopelt is obviously that thoserells havea short
period ofhigherwater gas raticomparedo the longterm water gasatio. The water
gas ratio of those seven wells almost increased at the sam@daembe010, and
started to decrease in June 20MHe increased water gas ratio might be a result of

drilling and completion operations in a nearby well pad.
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Figure 3.9: Increased Water Gas Ratio during Longterm Gas Production Period

Figure 3.10 is a Horn River pad map showing the location of the analyzed 15

horizontal wells. From this map, we noticed that all of the seven wells with increased

With Increased WGR

Figure 3.10: Horn River Pad Map Showing Wells With IncreasedVGR
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water gas ratio are on the side near to a well pad under development during the time
increased ater production was observed in the well pad under study.

Figure3.11 shows the timing of hydraulic fracturing operations in Horn River
pad.The hydraulic fracturing stimulation of the nearby well pad began in January 2011,

which is one month after tharte when water gas ratio increased in Figure 3.9.

Comelations|of Event Times to Horn River Pad Operations
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Figure 3.11: Horn River Pad Hydraulic Fracturin g Operations Colored Columns
(BC Oil and Gas Commission 201p

Based on the previous observations, we made the conclusion that the increased

water gas ratio in those weltamotbecausé byproducing water from hydraulic
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fracturing operations in nearby well p&ecause of lacking drilling data from the

nearby well pad, the reason of increasing water gas ratio cannot be determined.
Figure 3.12 is the lotpg diagnostic plot of water gas ratio versus cumulative gas

productionfor well O. It is obvious that well @hows a minus half slope trend during

the early production time, but it does not show a minus unit slope for the long term

production.
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Figure 3.12: WGR vs Cumulative Gas Diagnostic Plot for Well O

Figure 3.13 shows the gas rate and water rate changing with time for fwathO
(Apiwathanasorn 20)3The green points in this figure indicate liquid loading in the
wellbore when gas velocity is too low to liiguid to surfaceThe liquid loading

behavior is identified by a critical rate proposedTioyner et al. (1969)The reason that
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well O does not showa minus unit slope in Figure 3.12 is because of liquid loading in

the wellbore.
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Figure 3.13: Gas Rate and Water Ratef Well O (Apiwathanasorn 2013

As shown in the Figure 3.4, the trajectory of well O encountered the fault on the
northwest side of the pad. Figure 3.14 shows the microseismic event of one stage for
well O. The yellow dot is the perforation cluster. The early fracture growth started at
perforation cluster and followed by a®4&hange from the initial directioMaxwell et
al. (2008)explained this phenomenon happens whprogagating fracture intersec

fault.
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The mapped fault is shown as a dashed line in Figure 3.14 from Ahmed and
Ehlig-Economides (2013). The microseismic events with an angle to the initial fracture
growth propagate along the fault. Initially the fracture opens in the direction of ommim
stress. The prexisting fault may result in the stress regime change and therefore the
fracture propagation change. It is possible ligatid loadingin Well O is related to

intersection of the hydraulic fracture with the fault.

' E.arl‘_.-' growth line

Late gréWth

Figure 3.14: Microseismic Indicating Fracture Propagation (Ahmed and Ehlig-
Economides2013)

Water production fsm other source has a great impact on the accuracy of
fracturing fluid production mechanism analysis. We selected wells without biased data
and make the lofpg diagnostic plot Figure 3.15. As shown in this figure, the water gas

ratio and cumulative gasguuction are statistical related. The early trend on this plot is
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nearly minus half slope. The slope of the following trend is approach to minushene.
vertical lines mark the end of th&/2 slope trend and the start of the approximhte
slope trend.Figure 3.16 is a Cartesian plot of water gas ratio versus cumulative gas

production, and the same trend as in Figure 3.15 is shown in this plot.
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Figure 3.16: Specialized Plot Showing the Lon@erm Flow Regime

We observed that the water gas mole ratio drops dramatically during the first two
months of productie. And then the long term water gas mole ratio becomes relatively
constant for about one and half years. Ma h a
the watetblock cleanup happens in two mechanisms. The first mechanism is the
immiscible displacemertdf the water by the flowing gas. After that, the water cleanup
regime is evaporation of water by flowing gas that becomes undersaturated as the
pressure decreases. The evaporation regime often lasted for a long time, sometimes on

the order of months.
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Thereservoir pressure range in Horn River shale gas reservoir is3ft8to 471
bar.And the bottom hole flowing presssna wells are from 45 t@0 bar. The reservoir
temperature is 448 KVe usedhe reservoir pressures atainperaturéo estimatehe
water solubility levelin Horn River shale gas reservas shown in Figur8.17. The

estimated water solubility level in Horn River shale gas reservoir is fro40M.
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Figure 3.17: Estimated Water Solubility Level in Horn River Shale Reservoir

33



As shown in Figure 38a, the long term water gas ratio of wells in Horn River
reaches the water solubility level while showidgslope behavior on the ldgg plot,
suggesting that this trend is consistent with vaporization. From Fig.8ie, 3vé observe
that the initial steep drop in the water gas ratio represents the watacdmpit
mechanism, corresponding to the early minus half slope in tHedgglot of water gas
ratio versus cumulative gas production. The koergn relatively constant water gas ratio
represents the vaporization regime, which corresponds to the lates amit slope on
the loglog diagnostic plotThewater production mechanisms in Horn River Shale are

displacement of water followed by vaporization.

Figure 3.18 a: Loglog Plot of Water Gas Ratio vesus Cumulative Gas
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