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ABSTRACT
The exploitation of unconventional gas reservoirs has become an integral part of the

North American gas supply. The economic viability of many unconventional gas developments
hinges on the effectivé@imulation of extremely low permeability reservoir rocks. With

improving drilling and stimulation technigues, many unconventional plays have become realistic
contributors to the energy budget. The Marcellus shale reservoir contains large amount of natural
gas resources and its proximity to high demand markets makes it atiegtrarget for energy
development.

Hydraulic fracturing is the stimulation method of choice in shale gas reservoirs. Even
though hydraulic fracturing technique improves ultimate gas recoverg,ateseveral factors
thatimpactthe production of naturgas from a hydraulically fractured shale gas well.

This study was undertaken to quantify the impact of selected post hydraulic fracture
factors that affects shale gas wells. With the use of commercial reservoir simulator that models
cumulative productio and flow rate from a vertical well located in a 160 acre Marcellus shale
gas reservoir, we are able to quantify how much impact this various factors will have on the
ultimate gas recovered from the reservoiremebnsideratiorA base model contains niuphase
flow and proppant crushing was simulated and used as the base result for which other factors was
incorporated and compared.

The new knowledge from this research should enable engineers to better design fracture
treatments and helps operators manig well in the Marcellus shale formatiomeTobservation

and recommendations will also be useful for further studies in this area.
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Chapter 1

Introduction

Fossi | fuel, such as coal and petrol eum, p |
Although people started using coal to burn and cook in ancient times, the massive usage of coal
and petroleum was starteaifn the industrial age. The invention of steam engine pushed the
efficiency of production into a new frontier, and brought the exploration and harness of fossil fuel
into an unprecedented stage. The unsatisfied demand and crave for fossil fuel has pnahed hu
being to explore both conventional and unconventional fuel in order to meet withettogy
demands fronour society.

Shale gas refers to natural gas that is trapped within shale formations. Shales are fine
grained sedimentary rocks that can be rialrees of petroleum and natural gas. Over the past
decade, the combination of horizontal drilling and hydraulic fracturing has allowed access to
large volumes of shale gas that were previously uneconomical to preduseshown ifrigure
1-1. The production of natural gas from shale formations has rejuvenated the natural gas industry

in the United States.

U.S. Natural Gas Production

1990-2035
trillion cubic feet per year
% History 2010 Projections

Shale gas

Tight gas

0
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

Source: U.S. Energy Information Administration, Annual
Energy Outlook 2012 (June 2012).

Figurel-1 U.S. Natural Gas Production 192035



Marcellus Shale was discovered just in this new realizafigre1-2 is a map
representation of where Marcellus shale is located. As recently as 2002 the United States
Geological Survey in its Assessment of Undiscovered Oil and Gas Resources of the Appalachian
Basin Province, calculated that the Marcellus Shale contained an estimdiscbvered resource
of aboutl.9 trillion cubic feet of gadn early 2008, Terry Englander, a geoscience professor at
Pennsylvania State University, and Gary Lash, a geology professor at the State University of New
York at Fredonia, surprised everyonghnestimates that the Marcellus might contain more than

500 trillion cubic feet of natural gas.
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Figurel-2 Map of the Appalachian Basin Province showing the three Marcellus Shale assessment units,
ehich eecompass the extent of the Middle Devonian from its zero isopach edge in the west to its erosional
truncation within the Appalachian fold and thrust belt in the east.

Hydraulic fracture is thenost effective wayo stimulate gas formatioQver the past
decade, the combination of horizontal drilling and hydraulic fracturing has allowed access to

large volumes of shale gas that were previously uneconomical to pr&thadegaswells the



must be hydraulically fractured before a well can prodismmomicamounts of gasFigurel-3a

good representation.
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Figure1-3 Size of the fracturing mark€¢Economides 2010)
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AlthoughMarcellus Shale has a great production potential, currently we still know little
about it. One of the most important facts is massive hydraulic fracture aatiithiput caution
may lead to severe damagelmth the formationrad fracture.

Regarding this problem, this project foeesn computer simulation method to help
understand hownuchdifferent kinds of fracture damage affect productivity. After observation
and comparison, conclusions will be addressed regarding on auraterstanding of what

should be taken into consideration before hydraulic fracture



Chapter 2

Literature Review

Hydraulic fracture is the mosffective stimulation method ishale gaseservoirs The
process of hydraulic fracture may cause formation danstges same timef not properly
designedAll damaging factors may reduce the effectivenessrdraulicfractures should have.
Continued from Osholake work (2011),here are three damaging factors considered in this
thesis, interaction of flow back fluid and formation rock, proppant scale, and proppant diagenesis.

Interaction of flow back fluid and formation rock is used to dbsahe situation where
clay in the formation swells after contacting foreign watkrwer mentioned that clayveell will
causesevere damage on formation rottke contact with foreign water will also cause &ay
migration from original position. If fla channels are plugged, production willdféected
(Hower 1972. Bahrami, Rezae saysas swellclays imbibe water into their crystalline structure,
enlarge them in size, and hence plug the ppeegBahrami, Rezaee et al. 2Q1Dewan
described different kinds of clagheir crystal structure, thedlispersestructure(Dewan1983.

Both DewanandHower pointed out thakontmorilloniteis the most possible type of swell clay
(Dewan 1983(Hower 1974. The latestaboratorywork conductedn thetopic of interaction
between flow back fluid and formation roiskdocumented iiConway, Venditto et al. 201
Conwayand his colleagesonducted seriouf experimentsThey simulated a natural fracture

in the lab flow diff erent kinds of fluids through themre samples, and measure conductivities of
the natural fracture at the same time. They discovered that clay swell caused by the contact of
foreign fluid may induce thelosureof natural fracture<Conductivity data wasecordedandhas

valuable usage in our research.



Scale precipitatioalways appearwithin the pore spaces of the formation matn
proppant packor builds up in downhole tubincale is found to be orué the reasons that
causes successive decline of fracture conductitishman, Parker et al. 1998howed many
photographic evidence of scalé&hdrewfrom down hole conditioin his paper(Mackay 2010
summarized produced water liégcle into three distinct period$heFirst periodis production
of formation water onlyDuring this period,brinemay have a carbonate scalifidne £cond
periodis production of formation water and injected seawdthere ispotentially an increasing
sulphate scaling tendencihe hird periodis production of formation water, injected seawater
and reinjectedproduced watein Garzon and Solaré&swork(Garzon, Solares et al. 200¢he
OLI& ScaleChem (2001) prediction gram was used to simulate the deposition environment in
the sandface area and production string. According to his simulation scale did happen, and
calcium carbonate and iron sulfide are the most likely mineral scales depositing in the sandface
areaAs forthe latest research gmoppant scaleNeaver(Weaver and Nguyen 2016onstructed
a serious of experiments to test the effectiveness of WBAA agent in preventing proppant scale. In
the experiment, the Teflon flow cells were packed with 20ié8h sand, simulating the proppant
pack The test used a flow combined at a 50:50 ratio from two different. These two brines, once
mixed together, can form CaG€cale. The pressure dropgreaseacross the sand pack was
witnessed, whicimot onlyfurther proves the fact that proppant scale mayair fracture
conductivity, but also provide us with quantification of decreased conductivity

Proppant diagenesis has bedrottopic since the day it was proposédacording to
(Nguyen, Weaver et al. 2008liagenesis is the alteration ggdiments into rock at temperatures
and pressures that can result in significant changes to the original mineralogy andltexture.
causes a loss of fracture and a reduction of porosity resulting in reduced permeability and fracture
conductivity.Nguyen ad Weaver also provided photograpbigdence of diagenesis which

silicaandaluminumcrystalstructures are found to be formed on the surface of proppant after



high pressure exposurelaboratory As for latest research in thigld, Raysoniand Weaver

used gatic hydrothermal screening test mettiodest the validity of diagenesRaysoni and

Weaver mentioned in their experimefRaysoni and Weaver 201Raysoni and Weaver 2012

that, this method permitted a process to rapidly determine the relative proppant compatibility
using actual formation core sampl€snclusions Raysoni and Weaver drew from static
hydrothermal screening tesiethodis that diagenesis chemistry does occur at realistic reservoir
temperatures, and significant loss of permeability and proppant strength doerapicliyo.

They also obtained the quantification of decreased permeability of selected proppahirfiek
Wearver and his colleaguddyenckeland Conway also dicklevantresearch on diagenesis
effec{Duenckel, Conway et al. 20l Duenckel and Conwagid both static hydrothermal screen

test and 1ISO 13508 on proppant sampleghe conclusionghey draw from their experiments are
diagenesis effect does occur in static testing but only in static testing. While in ISO35L8503
diagenesis effect didot form under extended conductivity testing under flowing conditions with
reservoir shale core at high temperatures and stress, and thus there is not yet evidence that zeolite
precipitation posesignificantconcern in actual propped fractures. They ataposed that while

no mechanical load was applied during the static test, standard saturated steam tables show that
water in a closed container at 4BQwill generate about 250 psi of isostatic pressure, sufficient to
activate the stress corrosion meclamiwhich might be the reason of permeability decrease after
proppant samplésaging.

Both of these papers are published in recent years, although some of the contents are
contradict with each other, they tell us some significant points about diagefiesisiefour
opinions, the ISE.35035 long term conductivity te®uenckel and Conwagid might not
provide sufficient time for diagenesis effect to be revealed; the static hydrothermal screen test
Raysoni and Weaver conducted did failed to report thehgpercentage of tested proppants, and

thus omit the possibility of crushed proppants impairing proppant pack permeability. Both of



these experiments should be refined to provide a more subjective Vésudtill take greater
confidence in thexistenceof diagenesis effect under real conditions dueditectiors of

mivrographs from a test in which efforts were made to identify this material formed during

testing



Chapter 3

Problem Statement

With improved drilling anccompletiontechnologies during the pagtcales the
development of unconventional shale oil and gas resources becomes viable and more and more
important to the industry

Hydraulic fractuing is the most effective stimulation method for tight gas reserboirs
thereare still possible damagéshydraulic fracture that mayecreas@roductivity. Possible
damage factors: mulphase flow of gas and water, proppant crushing, proppant embedment,
proppant scaling, proppant diagenesis, interaction of fracture fluid and flowback fluid with
existing natiral facture and unpropped hydraulic factures, capillary, reservoir compaction, etc.
Although there are laboratory evaluations of the damages above, we are yet to quantify each
impact on gas recovery. As an extension of Oshéakerk, the objective of thresearch is to
understand and numerically simulate effect of three pertinent damage factors on fracture fluid
cleanup and lorgerm gas recovery.

In this research, wiirst understood the mechanisms of three damagesaction
between formationock and fluid, proppant scale and proppant diagen&gisthen built
numerical models, conducted parametric studies, and quantified the impact of each damage factor
on facture fluid flowback and lorigrm gas recovery. The new understanding would help

engineerglesign better facture treatment in Marcellus Shale gas reservoirs.



Chapter 4

DamageM echanisms

Hydraulic fracturing has been widely used in the industry. Hydraulic fracturing tends to
increase the productivity of shale gas wells if applied successfutly ofthe most important
facts is massive hydraulic fracture activity without appropriate caution may lead to severe
damage to both the formation and fracture

In this thesis, three major damage effeetreinvestigatedlinteraction offluid and

formation rok, 2 proppant scale, ar@proppantdiagenesis

4.1 Interaction between fluids and formation rock (N.F. and unpropped H.F.)

Many hydrocarbon producing formations contain clays that can influence primary results.
Clays are present in a majoritytofdrocarbon bearing formations and th@iesence can cause
many problems in thproduction of oil and gag\ll of clays are capable @higrating anccausing
permeability damage when a formation is contactefbimignfluids. Clay compositiorand their
location in the rock permeabiligan vay extensivelyNormally, fluids foreign to a formation
alter the ionic environment which is responsible for the clays being dislodged from their original
positions. A change in the swelling or water retention of nmomitillonite enhanced their
probability of migrating. Thus, any time a clay is present, it can be assumed that permeability
damage may occur if the proper precautions are not observed. The degree of damage will depend
upon the concentration and types ofysl@resent, their relative position on the rock and the

severity of the ionic environmental chan@tower 1974.



The nature of shale and clay

Shale is a mixture of clay minerals and silt laid down in a verydoergy environment,
principally by settlement from still water. Silt consists of fine particles, mostly silica, with small
anmounts of carbonates and other nonclay minerals. The solids of a typical shdle coagist of

up to about 50% clay. Fig 1 shows the typical composition of ¢Dalwan 1983
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Figure4-1 Partitioning of a shalin DuatWater Model(Dewan 1983

Clay is comprised of crystalline clay minerals, as is showigare4-1. Clay minerals
are classified intour specific groups according to their cryssaducture which are

montmorillonite, illite, kaolinite andhlorite (Dewan 198R
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Figure4-2 Structure of lllite/Micaand Montmorillonite

The distribution of clay coulte laminated, dispersed, and structural, as is shown in

Figure4-3.
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Figure4-3 Clay distribution(www.spec2000.net/2¢shbasics.htin

Damage mechanism

Damage effect resulted from interaction betwiaid and shale formation can be

resulted in two aspects: clay swelling and clay migration.
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As is mentioned earlier, clay is normally of crystallized form. Invasion of aqueous phase
into thematrix causes swelling of clgporous rocks. The damage mechanism is controlled by
absorption of water by a watekposeesurface hindered diffusion proce¥ghen clays are
exposed to low salinity solutions it causes formation damage, as swelling clays imbibe water into
their crystalline structure, enlarge them in size, and hence plug the poréBaiaeani, Rezaee
et al. 201} This circumstance is shown in FigWe can see from the figure that after
absorption montmorillinite swells to a larger extent. This is basically how clay swells after the

contact of water.

Figure4-4 Montmorillinite interact with HO

The clays maype classified as swelling and nonswelliMpntmorillonite is the only
clay that swells by absorbing ordensdter layers between clay crystdifixed layer clay, which
contains montmorilloniteyill also swell,althoughthe illite portion of this clay iselatively non
water swelling. Kaoliniteand chlorite, as well as illitenay be classed as norater swelling
clays. They do not build viscosiily water as effectively as montmorillongance their gystals
tend to remain as packets instead of being disperss#al the montmorillonite crystalslowever,
we must not ignore the fatttat these seoalled noawater swellingclays do adsorb some wate
Thus all clays do adsorb water with montmorillonédsorbing the mogHower 1974).

Clay migrationwill also cause grmeability damaganderfluid flow. According to

referencewhenfluid passthough effective permeability zone, some narrow pass ways could be

12



blocked by dispersed clays or other fines, and thus resatfgravatd permeabilitydamageThis

overalleffect is primarily found during thflow of water.

Sources of damaging fluids

Most commordamaging fluidsrefiltratesfrom drilling fluid, cementworkover fluids
water floodingand stimulatn fluids. Some othese fluids remain ithe rock for long periods of
time andpenetrate the rock to different deptBsich water can also affect the hardrefgmany
sand formations. The dissolvig only a small amount of minerals thagre acting as cementing
agents fotherock could release clays and feldsgfaosn their original positions. High pH
solutions that contain very littildissolved salts will act to disperskys thus compounding the

problem ofclay migration(Hower 1974.

Possible solutions for clay migration

Clay problems should be considel®dthe well operator in the initiglaming of the

well (Hower 1974. Damagecaused byluid invasion can be minimizeay choosing the proper
base fluid for facture treatmentduds and cemerdlurries can be treated with potassicintoride
to minimize damage when fluid lost to the formabn (Hower 1974. The addition o2% KCI to
waterbasedluid for temporarily controlling clay swelling is widely accepted as a standard
practicefor a very longime. Research on the technology of matrix acidizing treatments has
revealed that #nuse of 2% KCI transforms infio5% saltwater as a result of ion exchange. The
1.5% saltwater solution is too weak to prevent clay swelling. Clay swelling can be prevented
using a 1 molar (7%) KCI salt solution as is introduced by refer@iftenbeek, Neyfeld et al.

2008.
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Wellbore heating is alsoteeatmenthat can remove aqueous phase traps around the
wellbore. Electrical heaters can be used to eladatenhole temperature high enough such that
water is vaporized into the gas phase, resulting in reduced water saturation around the wellbore

(Bahrami, Rezaee et &011).

Experimenal quantification

Conwayand his colleageConway,M. W., J. J. JVenditto et al. 201)lconducted a
serious of experiments regarding clay stabilization and flow stability inuganorth American
gas shale. In this test, they adopted flow test on several shale saniplesschematic figure is
shown inFigure4-5. In the figure we can see that a core sampManicellus shale was firstly cut
from middle, then confined with stress that is similar@, then different fluid were flown
though the core sample in sequence, during the experiment, conductivity value was measured.
The sample was filst treated with7% KCI after hexane and was marginally stable, and less so to
synthetic produced water, and completely lost flow capacity with fresh water containing 2 Gallon

1000 gallonCholine Chloride.
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Figure4-5 Sampling procedure to obtain representative samples for testing from heterogeneous reservoirs
andschematic of Conwayo6s e(EmeayM.ig d.u. Jendittedta. 2015t abi |l i zat

The data acquired in the test is shown in the folloviigyire 4-6.
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Figure4-6 Flow characteristicef various salinity fluids through a created fracture in Marcellus
Shale(Conway, Venditto et al. 20)1
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7% KClis regarded as fracture flyigvhich, n our caseis the firstkind of fluid that is in
contact with formationThe synthetic produced water w/o Ba and Souncasecanbe regarded
as the formation wateFresh water can be regarded as aquifer water. As wacgairefrom
previous literature review froifMackay 2010, fluid will be produced in a sequence of formation
water, injected water, and aquifer water. When taking into consideration afstheofitact of
foreignfluid with formation rock during hydraulic fracture, the sequence from fluids that affect
formation rock will be injected water, formation water, injected water, and aquifer water.

Extracting data from the previous figure, we canahate in the followingrable4-1. In
Galas work(Gale, Reed et al. 20p7e dd an investigation on natural fracture works on Barnett
Shale. He found out that the width of the natural fractures range from 0.003mm to more than
1mm Consideringhe procession of the core sample in Conimggperiment, 0.65mm should
be a moderate vaduof the width of the unpropped natural fractéxter transforming
conductivity into permeability, we can get the data we need in the simulator.

Table4-1 Data extracted from Conway's experiment

. Synthetic Constant
Fluid 7% KCI produced water Fresh water value
Conductivity(last point)/ ud-ft 0.25 0.15 0.028 0.2
Permeability md 0.1172 0.0703 0.0131 0.0938
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4.2 Interaction betweenfluid sand proppants

Hydraulic fracture stimulation is widely used to improve the economics of hydrocarbon
production from a reservoir. In many of these fracture stimulations, the fractufgsarped
opero by filling themwith a highpermeability pack of granular materigk¢ppant) that ideally
provides a highly conductive pathway from the reservoir to the(®alizon, Solares et al. 2009
However, posfracturestimulation well testing indicated that conductivity values
obtained from lab are often one to two orders magnitude too high. In many fields, the productivity
of fractures declines rapidly. In addition, many stimulated wells/dbss of fracture
conductivity with time, leading to reduced productivity and lost revé@agzon, Solares et al.

2009.

Pressuretransientanalysisandfracture conductivity

A fracture generated during a hydratfliacturing treatment is a fluid conduit and has
conductivity. This conductivity is responsible for the difference in theameé posffracturing
well prodictivity. Cikes (Cikes 2000) used pressure transient analysis efrpogtiressure build
up data to demonstrate that fracture conductivity decreased dramatically-beriggrature
wells that were propped with higdtrength proppants. He suggested thatdhmust be some
unknowndamage mechanism causing the dramatic conductivity decline even in the wells that

were not on productiofGarzon, Solares et al. 2009
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Proppant paclconductivity decline: what counts

The hydraulic conductivity of a proppant pack more than a monolayer thick is limited by
the porosity of the pack. The most efficient packing of particles is alrbloadral arrangement
that can produce a pack porosity with about 26% void siatenan, Parker et al. 199%mall
changes in pack porosity result in significant changes in pack permeability and fracture
conductivity. Fracture conductivity is designed by cdiitrg concentration of proppant used to
hold the fracture width open and is limited by the porosity of the {aakzon,Solares et al.

2009.

Rapid loss in fracture conductivity has been attributeaddoording to many researchers,
frac gel damage, embedment, proppant crushing, and fines inyarsippant scalgroppant
diagenesisetc All these damage mechanisms have been well studied in the laboratory, resulting
in materials and methods employedrtmimizetheir effect on conductivityWhile theseamethods
have improved productivity, stimulated wells rarely achieve the theoreticdlctivity expected
from a given proppant. In addition, fracture conductivity often declines continuously, suggesting
that there are other factors that influence ke fracture conductivityGarzon, Solares et al.

2009.

4.2.1Proppant scahg

Fines are generally thought to be sourced by the crushing of proppant that occurs during
fracturingtreatment operations, ttaure closure, and closustress cycles during well production.
In addition, some quantities of fines and formation debris are created during the initial fracture. In
some cases, fines are produced from the formation matrix itself. Reactions of chéemeaite
in connate formation fluid and fracture fluid, pressure drop of nearly fully saturated solutions are

all possible sources of chemical precipitation.
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Wells completed with gravel packs, higite water packs, or frgzacks often respond
with high prauctivity initially for some period of time. However, after this high initial
production, the production flow rates begin to drop off, indicating the flow paths have been
choked off. The well operators often perform acid treatments on proppant packspadka to
help rejuvenate the well production after verification that the production decline was caused by
fines plugging or scale deposithd well production is often restored, but this is usually
temporary Scale precipitation reappears within the pgaces of the formation matric or
proppant pack, or builds up in downhole tubing because the scaling conditions still exist. Scaling

problems are often an issue in fie{tlehman, Parker et al. 1999

Evidence othemical scaling

Evidence of irsitu chemical pecipitation has been obtainfdm many wellbores
Figure4-7 shows a proppant grain that wasovered from a producing well where conductivity
loss hadtaused a severe production decline. This conductivity lossangedy attributed to
siderite preciftation in the proppant packigure4-8 shows an example of geochemical
precipitation thabccurred posstimulation during production. In thioal bedmethane example,
a calciumcarbonate species attacheptoppant grains by using coal fines or other organic

particulatesas nucleation sitgb.ehman, Parker et al. 1999
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Figure4-7 Ceramic proppant grain reeered from a downhole bailer sample following a postfracture
production decline. The poiféling texture is evidence of situ siderite precipitation. In this case, the
proppant grain is a nuleation site for the geochemical precigitatenan, Parker et al. 29).

Scale Mineral

ccd01080
Figure4-8 Geochemical precipitates affixed to coal fines recovered from a wellbore, marked by a

premature, rapid decline in productivity. Precipitate textures revealed a combination of calcium carbonate,
quartz proppant, and findeehman, Parker et al. 1999
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Accordingto many researchershemical precipitates haytayed a significant role in
fracture conductivity reductiotChemical precipitation occurs downhole during or after the
hydraulic placement of proppant in a fracture. Aqueous fluidemadation equilibriaor
disequilibria govern the precipitation pfimarily inorganic substances. The mineralogies
observed angredicted can vary widely, but usually consist of carbospgeies, sulfides, and
various forms of iron oxides/hydroxidddechanisms controlling ghprecipitation and
consequent loss @bnductivity are explained through phase equilibria. These equilibriums
involve a wide range of aqueaflsid parameters including Eh, pH, partial pressure to various
gases such as GQandfugacity of sulfide(Lehman Parker et al. 1999

In another work done b@arzon and Solard&arzon, Solares et al. 200¢he OLIGs
ScaleChen(2001) prediction program was used to simulate the deposition environment in the
sandface area and production string. According to his simulation scale did happen, and calcium
carbonate and iron sulfide are the most likely mineral scales depositingsiantiiface area. He
also simulated the influences of scale on well productivity when mineral scales accumulate in
both sandface area, he observed significant drop of gas production when mineral scales are
applied.

For mineral scales precipitating in the gation strings, he analyzed 35 solid samples
collected from the tubular of different gas producdtigiure4-9 shows the distribution of

mineratlscalecompounds found in 35 collected solid samples, grouped by generic type
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Figure4-9 Distribution of mineral scale compounds found in 35 collected solid samples, grouped by
generic typgGarzon, Solares et al. 2009

Experimentabjuantification

To get an understanding of thaantificationof this damage, we adoptecettaboratory
data from We aWeaver addNgyén 20L@ndheikwork, they constructed a
serious of experiments to test the effectiveness of WBAA agent in preventing fines migration and
proppant scale. Within their researches, the part of proppant scale is of our most.concer

In the experiment, the Teflon flow cells-ifi. ID and 4in length) were packed with
20/40mesh sand, simulating the proppant pack Pressure transducers were installed at the inlet
and outlet of the flovcell assembly as means to measure the pressyredross the sand pack
during fluid injection. The back pressure regulator was set at 800 psi. The sand pack was first
saturated with four pore volumes (~100 mL) of 3% KCI brine. The cell assembly containing the
sand pack was then heated up to ZR0Thistemperature was maintained during the entire flow
period of the experiment.

The test used a flow rate of 1 mL/min of a solution that was combined at a 50:50 ratio

from two different brines (shown ifable4-2) immediatelyadjacent to the inlet of the flow cell.
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These two brines, once mixed together, simulated a seawater source that can fosradaCO
The pressure drop across the sand pack was recamded the injection of the brine mixture
through the sand pack. A pressure increase versus time indicates a restriction of the flow path
caused by scale buildup within the sand matrix. The lmhgen Figure4-10illustrates this

phenomenorkigure4-11is the assembly of the experiment.

Table4-2 Composition of brines for forming CaG&cale

Brine 1 Brine 2

Composition g/L Composition g/L

NaCl 49.59 NaCl 49.59
CaCb.2H,0 7.48 NaHCQ 1.38
MgCl>.6H.0O 4.43 _ _

KCI 2.0781 _ _
BaCh.2H,0O 1.0138 _ _
SrCh.6H,0 0.8824 . .

Effects of proppant scale

160 T
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Figure4-10 Delta pressure across the proppant packs
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Figure4-11 Configuration of experiments assembly

What worth noticing is that, delta pressure shown in Figure 4 is deltahith represent
the increased pressure at one location but different tigie- Pa".

According to Darcyo6s | aw:

Transform into:

cq ©

According to the definition of Darcy, the unit of permeability, we did the unit convert for

each of the components in the above equation, shoWwabile4-3.
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