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ABSTRACT

Capillarity, gravity and viscous forces control the fluids migration in geologic
formations. Howevemxperimental workingddressing the simultaneous action of these
driving forces as well as thepact of injection flow rate in fracturgbrous medias

limited. Understanding how these variables affect fraetuaérix transfer mechanisms
and invasion front evolution in fractured rocks are of crucial importane®ti®lingand
prediction of multiplase ground flowThis studyaddresses the simultaneous influence of
fracture orientation, rock and fluid properties, and flowing conditions on multiphase flow
in fractured permeable media at laboratory sdaigplacement of a newetting phase

(gas or liguid) by capillary imbibition was monitored usingrgdy computed tomography
(CT). Results were then mimicked using an automated history matching approach to
obtain representative relative permeability and capillary pressure curves to further
investigate thempact ofmatrix homogeneity/heterogeneity and boundary shape on the
response of the imbibition frorBensitive analyses, in combination with direct
experimental observation, allowed uset@lore relative importance of relative
permeability anatapillary pressure curves to saturation distribution and imbibing font

evolution.

Experimental observations combined with simulation results indithégmpactof

fracture orientation oimbibition front evolutiorwasminimal for the timeand length

sales onsidered in this investigatioWhile differentinjection ratesandfluid types
showedsignificant differences in the shape of the imbibing front, breakthrough time, and
saturation profilesThe speed and shape of imbibiingnt progressioawere found to be
sensitive tanatrix waterrelative permeabilitycapillary pressure contrast between matrix
and fracture, and degree of rock heterogenBiggults from this worklsodemonstrate
conditions that favor caurrent, countecurrent, and the coestence of both

displacement mechanisms during imbibition-&wrent flow dominates in the case of

water displacing air, while counteurrent flow dominates in the case of water displacing
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keroseneThe balance of capillarity and relative permeabilitias a significant impact of
the shap@nthe invasion front, resulting in periods of-corrent and countesurrent
imbibition. This work presents direct evidence of spontaneous migration of wetting fluids
into a ock matrix embedding a fracturehese obsrvations and conclusions are not
limited by the geometry of the systeand havemportant implication for water flooding
of naturally fractured reservoir and leai retention and migration aftérydraulic

fracturetreatments.
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Chapter 1

Introduction

Fractures serve as primary conduits having great impact on the migration of ifiigdted
into fractured permeable medithis research study is a multariable analysis of
fracturematrix flow including the effects of injection flow rate, fluid type, fracture
orientation and flow directionn thefirst section of this stud¢gseeChapte 2), we
analyze the impact of two different injection rates on the capillary dominated
displacement of oil by water in fractured rock sargplising xray computed
tomographyA laboratory flow apparatus was designed specifically for this set of
experimet, in which saturation maps are monitored as a function of time for two
injection flow rates. Xray computed tomography (CT) was used to record these
saturation maps as a function of tif@antinuous CT scanning allowed us to track
capillary imbibitioninto a fractured Berea sandstonepée originally saturated with

kerosene.

Experiments wee laterextended to cover different fluid types and five different fracture
configurations with flow directionéseeChapter3). This experimental investigation
addresses the influence of viscosity ratio and fracture orientation on the progression of an
imbibition front in fractured permeable media at laboratory sd&ese different fluid

pairs including aibrine, kerosendrine and a viscous élirine, and fivedifferent

fracture configurations were investigated to address the influence of viscosity ratio and
fracture orientation on oil recovery and saturation maggerimental resultsf two-

phase Kerosendorine) floodsarethenmimicked using an automatedstory matching
approach to obtain representatimatrix and fractureelative permeability and capillary
pressure curveseeChapter). These curves were then used to predict imbibition front

evolution under different flow conditions, which result in ellent agreement with



experimental observationSensitivity analyses amtedictive simulation tests were

provided to further investigate the effects of transport properties and shapes of boundary
on oil displacement and imbibition front evolutidtesuls from this investigation

provide a comprehensive set of data for the validation of numerical models and

strengthen fundamental understanding of multiphase flow in fractured rocks.



Chapter 2

Experimental Investigation of Rate Effects

Understanding how injection flow rate affects fractaratrix transfer mechanisms and
invasion front evolution in fractured reseirs are of crucial importance to modeling and
prediction of multiphase ground flowmowever, experimental work addressing the

impact of injection flow rate in fractured core samples is limikedhis chapter, we

monitor and analyze transfer mechanismiactured rock sample using medical Xray
computed tomographiyhe impact of different injection rates on the resulting fluid
recovery and saturation maps is evaluated through visual and quantitative analyses.
Results from this work help visualize timpact of injection flow rate on the dynamics of
fracturematrix transport and, at the same time, provide detailed quantitative information

for the validation of representative numerical models of fractured permeable reservoirs.

2.1 Literature Review

Fluid displacement in fractured media is of interest for many environmental and
engineering processes. Examples include g&0logical sequestration, nuclear waste
disposal, geothermal power generation, and enhanced oil recovery in natural fracture
reservoir Berkowitz (2002) Committee on Fracture Characterization and Fluid Flow
(1996). The presence of fractures not only provide preferential pathways for fluid
migration, but also gives rise to a range of complex flow phenont@aadall et al.
(2010)conducted aegies of simulations for flows in fractured permeable rocks, and
observed more than 5% increase in the volumetric flow rate within high permeability
fractured porous medi&arpyn et al. (2009jound that bedding planes adjacent to
fracture zones with higher aperture tend to have higher porosity, and higher permeability,
thus affecting the overall hydraulic conductivity of the systéms higherhydraulic

conductivity leads tdigher flow rate in the fracture zone and makes injected fluids easily
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breakthrough and low efficiency displacement in the porous malaymi and Grader
(2000)used xray CT to study twephase flow displacements in layered Berea samples
with fracture tips. The results shedthe presence of the fracture significantly delayed
the oil recovery. In additiordifferent flow behaviors, courrent and countesurrent
imbibition were observed at three different regions in the sample, the fracture region, the
nonfractured region, anthe fracture tipRangelGerman and Kovscek (200@3ed x
ray CT to study capillary imbibition of air and oil displacement by water from rock
samples. They identified two different framflow regimes, cacurrent and counter
current imbibition. Countecurrent imbibition is occurring when the fractures refills with
water at a faster rate than it can be transferred through the fracatng interface, while
co-current shows when relagly slow flow through fractures.

Different flow regimes were observed at different injection flow flielean et al.
(2003)conducted a series of imbibition experiments in porous medium at different
injection rates by using CT scan measurements. The resultedllosvwater front
spreacsmoothlyand increased evendt low rateswhile the water fronspread rapidly

and inclined to the outlett high ratecasesBabadagli (1994jound that as the injection

rate is increased, fracture pattern becomes an important parametellingrttre

saturation distribution in the rock matrix. As the rate is lowered, however, the system
begins to behave like a homogeneous system showing a frontal displacement regardless
of the fracture configuration. Similar observation can be obtainedBaimadagli (2000)
Although these, and other stadiProdanovic et al. (2008joteit and Firoozabadi

(2008) Donato et al. (2007)andRangeiGerman et al. (2005have contributed to

current understanding of multiphase flow in fractured systems, there is still limited
understanding of the relative impact ofaction rate affecting twphase displacement
mechanisms in fractured rocks. Analyzing how injection rate affects fraciatmex flow,
especially under capillary dominated conditions, remains largely unexplored and it is the

main goal of thisection



2.2 Experiment Design

The purpose of this desigvas to create mvo-dimensionaflow systemwithin a sample
holder, to allow complete sample monitoring witsingleslice CT scannings shown in
Figure 21. By making the sample a thin disk, we eliminate one flow direction, the one
orthogonal to the disk. Therefore, a single slice is sufficient to captuentinefracture

and the surrounding rock matrix, thereby allowirsjo keep track of saturation anges

at small time intervals. The rock sample used in this study was Berea Sandstone. Each
sample disk has a diameter of 102 mm and thickness of 10 mm. A single tensile fracture
was created artificially on each disk. All fractures are aligned with theecefithe

sample and perpéicular to the bedding layerSracture apertures are around 0.5mm.
Pore volume of the matrix and fracture are 18.51mL and 0.5fespectivelyThe
experimental apparatus includes three major portions: sample holder, fluig sygieim

and Xray CT scanner.

360

Scannedection

Supporting
rod

)

Figure2-1: Schematic drawing of experimental design



2.2.1 Sample Holder

A cakeshapedsample holder was fabricated according to the diagram shokigure 2

2 and Figure 3. After assembling pieces A, B and inserting piece C, a trapped volume is
obtained with a diameter of 104 mm and a thickness of 10 mm. This sample holder is
made of Teflon to avoid chemical reaction with fluids, and only Teflon and the rock
sample are inteepted by the scanning plane. Viton rubber sheets are used to seal the gap
between the sample and the walls of the holder, thus blocking potential pathways around
the sample and allowing fluid flow through the fracture alone.sUipportingrod, also

shown in the topright insert inFigure 21, can rotate in 45 degree increments, and it is
attached in such a way that the cell can rotate on its horizontal axis. Although the core
holder is designed to allow different fracture inclinations and flow directathsthis

rotation system, thisectionfocuses on experiments using a horizontal fracture. A similar
rotation system was used in a core holder designed for gravity segregation experiments
by Karpyn et al. (2006) Figure 24 (left) showsa sample disk with fracture

perpendicular to the bedding layarsd Figure2-4 (right) shows a photograph of all the
pieces forming the core holder.

=

S~ N

Figure2-2: Schematic drawing of sample holder design
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Figure2-3: Schematic drawing dfow pathwaywithin sample holder

Figure2-4: A sample disk with fracture perpendicular to the bedding layers, @eit)
Teflon core holder, Viton rubber sheétéack) and support rotight).



2.2.2 X-ray CT scanner

Fluid saturation distributions are computed usingai{computed tomograph§CT)

scanning. XRay CT is a nosdestructive imaging technique that usesays and
mathematical reconstruction algorithms to view the intgur@pberties of an object

(Vinegar and Wellington (198Y)It is also used to quantify rock heterogeneities,
determine lithologies and porosities, and monitor fluid saturations during flow processes.
A medical HD350 scanner with a detection limi2&f microns was used in this study.

The CT system consists of an ioni2éRay source, a detector, a translation system, and
a computer system that controls motions and data acquisition. Each CT image $aoduce
matrix of 512 by 512 pixels covering the eatsample. The voxel siselected to this

work was 5.00x0.28x 0.2 mm. Figure2-5 shows theschematic drawing ahedical

CT scanner used in this syydvhich locatsin the Center for Quantitative-Ray

Imaging (CQI) at Penn State University.

X-Raytube
(Rotating)

5120612 pixels
~\ coveringthe entire
HHf sample
512 pixels
0.2mm I Am

<>

X-Ray Detector 0.2mm

(Stationary) Voxelsize

Figure2-5: Schematic drawing of )Ray CT Scanner



2.2.3 Fluid Circulation System

The fluids used in the present expents are distilled water akgroseneDistilled

water was tagged with 15% by weight of sodium iodide (Nal) to increase its CT
registration and provide a high contrast between the two phases. The viscosity of tagged
water is approximately 1.8€P (centipise and that for kerosene is 4.06¢cP. The physical
properties of these fluids are shown in Table Before commencing the experiment,

two immiscible fluids, oil and water phases, were thoroughly mixed with each other and
allowed to separate under gravéction. This procedure minimizessitu changes in

saturation due to mutual solubility.

A schematic representation of this system is presentédume2-6. A vacuum pump
enables the sample holder reach 250 microns vacuum condition. This vacuum state is
used to presaturate the sample with oil phases. A syringe pump5Q@) delivers

tagged weer (brine)into the samplethrough the fracture. To guarantee a predominantly
capillary-driven displacement, injection flow rates are low, in the order of 40mL/hr and
4mL/hr, which correspond to capillary numbers in the ordér@¢10* and4.8x10°,
regectively. The capillary number represents the relative control of visomeover
capillary force. For capillary numbers below’@low in porous media is considered to

be dominated by capillary forcéBing and Kantzas (200))The equation for calculating
the capillary number is

wher e wscosityofthéleuidvi s a characteristic velocidt

interfacial tension between the two fluid phases.



T
Non-wetting Source ®
phase fluid ‘

Sample
D] Holder
Quizix pump EE

(SP-5200)
Brine Drain

X-Ray
Detector

Vacuumpump

Figure2-6: Schematic drawing of fluid circulation system

Table2-1: Physical properties of fluids

. . Viscosity at Specific gravity at
Phases Fluid composition 25.7C (cP) o5 7C
Water Tagged water 1.0 1.0

(15% Nal by weight)
0] Kerosene 2.9 0.79
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2.3 Experimental Procedure

A schematic representation of the experimental procedure is preserigdreR-7. The

dry fractured sampl&zasmountedand vacuumed in the samplelder and scanned to

observe its heterogeneity and its layered structure (stageigure2-7). In stage 2, the
samplewaspre-saturated witloil (non-wetting phase) and scanned. The image difference
between these two stages is used for porosity calculations. In stages 3 and 4, the sample
was flooded by injecting water. Fluid saturations were continuously monitored by
scanning at specific time intergalntil residual oil saturation was reached. At the same

time, oil recovery is recorded as a function of time at the outlet.

1. Vacuum sample 2. Saturate sample 3. Begin water 4. End of water
and scan and scan injection injection

Scan dry slicefor  Scan slice filled Start continuous Continue Scanning

fracture with nonwetting scanning of slice during water
identificationand phase. This willbe a  during water injection
rock heterogeneities reference state injection

Figure2-7: Experimental procedure and CT scanning sequiemaal-water system
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2.4 Determination of Porosity and Fluid Saturation
The average sample porositg, () is 23.27% obtained from the volumeaif usedin

saturating the sample and the bulk volume of the sample. ftixesities ¢ . ) were

pixel

obtained fronEquation P-2] usingX-ray CT registrationdrom thevacuum conditiornn

stage 1CT,,.,.,) and theoil saturateaconditionin stage 2 CT_,,) as shown irFigure
2-7.
T. Toacuum £ £ 4 £ £ 4 £ 4 £ 24 2 2 2 2 4 2 4 2 .
oixel = c:S""‘Cva‘c““mfeeeeeeeeeeeeeeeee....e ...... [2-2]
( sat - vacuun‘)avg

In situ saturations were also determined using datatinei@T scanner. Pixebater

saturatios (S, ,,.) Were obtained frorquation P-3], where7 ., is the pixel porosity

pixel
from Equation P-2], §,,,, is the average saturation of water in the sample obtained from
the linear correlation betwedi®0% water saturatgdCT, wavg) @nd 100%oil saturated
Sample(C atavg)

CT..-CT. af. @.

— sat” f avg r oz oz oz oz o2 2oz oz oz 2oz oz oz oz
. 6 6é6ééé ... 6ééé béééééé ... [2-3
SN,pmeI (C-l-at CT) % l_@mavg [ ]
S avg (} pixe
CT - CT.
Swavg = =2 SAAVI 6 6 8 6 6 oo 6ecebééee.6é.6[24
CTw ,avg CTsatavg

2.5 Results and Discussion

In this section, we compare two different injection flow rates ugiagame fluid type,
kerosene and brinAverage saturation changes as a function of time and pore volume
injected are presented ligure2-8. These saturations were averaged over the entire
sample, including fracture and rock matrix Higure2-8 top, water breakthrough for the
low-rate curve in red is delayed 10 min with respect to thetaghblue curve. In
addition, the higkrate curve (g=40mL/hr) reaches higher water saturation, and thus

higher oil recovery, sooner tharetfow-rate case, but it requires more pore volume
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injected to reach that saturation level, as seéiigare2-8 bottom.After approximately
300 minutes of water injection, oil recovery becomes negligible in both cases, when
water saturation reaches 0.56. Under this final saturation conditions, batidailater
are still mobile inside the rock sample, but the increments in water saturation are too

small to be appreciated in the lapse of a few days.

Figure2-9 are time progressions of water saturation (Sw) maps corresponding to high
and low water injection rate. Dark blue represents regions saturated with kerosene
(Sw=0.0), red represents regions saturated with water (Sw=1.0), and interroeliate
represent the eexistence of kerosene and water in the pore space. For theategtase
(Figure2-9 top) we see a sharp increase in water satuman the neighborhood of the
fracture, and a maximum in the fracture itself and the outlet (right end of the fracture).
Under these flowing conditions, the fractures refills with water at a faster rate than it can
be transferred through the fracturatix interface, confirming similar experimental
observations found in the literatufirangelGerman and Kovscek (2006)

Simultaneously, counterurrent imbibition is occurring in the water invaded zone as oll
is expelled from the matrix into the fracture. As time progresses, the imbibition front
moves away from the fraate;, and water accumulation becomes evident around the
outlet end of the fracture (right side) in red, supporting the fact that the rate of capillary
dispersion through the matrix is low compared to the rate of injection. The rate of
injection is also respwible for the shape of the imbibing front, which is farther away
from the fracture inlet than the outlet. These mechanistic observations are less

pronounced when the rate of injection is reducing.

Figure 29 bottomshows an analogousqgression of water saturation maps obtained at
4mL/hr of water injection. The contrast in saturation ahead and behind the water front is
not as sharp as thatkigure2-9 top. This is evident in a smoother color transition,

passing from dark to light blue, to green, &ndlly yellow and red.
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Figure2-9: Time progression of water saturation maps corresponding to 40(dghrand 4mL/h{bottom)brine injection rate,
kerosenéorine experiment



16
In addition, for thesame pore volume injected, that is BVI at 20min highrate
(40mL/hr) and 170min low-rate(4mL/hr), we observe a much larger imbibed region in
the lowrate casgimplying low injection rateallows a more effective spreading of water
for the same volume injected. At the late time (t=1440), water collects around the
fracture's outlet end. This is depicted by the red cone shape observed at the right side of

the sample.

Further quantitative examination of saturation changes obtained from CT scanning is
presented ifrigure 210. These vertical saturation profiles averaged over the central 6
mm of each CT slice for the two flow rates under study. These profiles capture saturati
changes with time in the direction perpendicular to the fracture. For both experiments,
continuous high water saturation is observed in the center of the sample, where the
fracture is located. The most salient differences between these two groupgaf ve
profiles are: (1) the speed at which the water front moves away from the fracture, which
was also evident in the saturation maps, presentédjume2-9; and (2) the change in
saturation as we move away from the fracture. Figet@ right shows a gradual

saturation change at the front, while there is a drastic drop in saturation across the water
front in Figure 210 left. Furthermore, water saations remain in the 0.80-0.55 range
within the imbibed zone, which suggests that both fluid phases are under a dynamic
equilibrium at that saturation. This is consistent with the knowledge that caumtent

flow is the prevalent flow mechanismtime imbibed zone. As the water front progresses,
the resident oil is displaced towards the fracture, in a cconteent manner, and
replenished by the oil that is sitting ahead of the front, thus maintaining a dynamic

equilibrium and a constant saturatim the imbibed zone.
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Figure2-10: Vertical saturation profiles perpendicular to the fracture and averaged over the central 6 mm of the sample; Kerosene
brineexperiment, g=40mL/hr (left) and q=4mL/hr (right)



Chapter 3

Impact of Viscosity Ratio and Fracture Orientation

The objective of thisectionis to invesigate the effects of viseity ratio and fracture
orientation on oil recovery and water front evolutiming medical XRay computed
tomography (@). First, wecomparehree different fluid pairsvith differentviscosity
ratioin horizontalfractured rocksampls. These experiments wnethenextended to
include five different fracture configurations in the case of water displacing air to
evaluatehe impact of fracture orientations.detailed delineation dhe impact of
viscosity ratio as well as fractuogientation on the dynamics of fracturetrix transport

is presenteéndprovides reference background to qualify the migration and trapping of

leak-off fracturing fluids in hydraulic fracture under shiotconditions.

3.1 Literature Review

In general, caflarity, gravity and viscous force are three major driving forces control
fluids migration in geological formationdlumerous studies had demonstrated the
importance of these forces whether from experimemtebvre du prey (1978Dvdat

and Berkowitz (2006)or simulation modelsAjose and Mohanty (200B)

Ide et al. (2007used simulation model to investigate the impacts of gravity and viscous
forces on capiary trapping of CQ. Results showed that effects of capillary pressure and
aquifer inclination increased the amount of CO2 trappednesen et al. (2006)
conducted a series of experiments to identify capillary and gravity dominated flow
regimes and concluded that the impact of gravity decreased as the height of the core
decreased.

The simultaneous action between capiilgrgravity and viscous forcésecomes more

complex in fractured geological formatioBgrkowitz (2002).When a wetting fluid
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flows through a fracture, capillarity may drsshe wetting fluid from the fracture into
the matrix, while viscous force progéhe fluid to flow through the fracture with less
resistanceRangeiGerman et al. (200&tacked Boise sandstone blocks to study multi
phase flow in a fractured system. They concluded that both capillary and viscous force
control the flow in the fracture and that capillary continudp occur in any direction,
depending on the relative strengths of the capillary and Darcy (viscous) terms in the flow
equationsTang and Firoozabadi (2006pnducted a series of experiments and found the
oil displacemengfficiency can be significantly influenced by viscous force and gravity in
a fractured porous mediRangelGerman and Kovscek (200@dicated the effect of
gravity on the orientationfdracturematrix is evident through eivater experiments.
Firoozabadi and Markeset (1992udied gravity and capillary crefisw in fractured
porous media, and showed titat contribution of capillary crodtow from the side
faces of the matrix rock increased with the tilt an@e.and Yang (2003)sed numerical
modeling to studyhe interfacial profile between two immiscible fluids in a reservoir
with a fracture with random orientation, and found that the equilibrium shape of the

interfacial profile depends on the ratio of gravity and cajtijlar

Fracture orientation had graatluence on fluid displacement under ihgerplay of

capillary, gravity and viscous forcegSrawford and Collins (1954pund the sweep

efficiency depends on the length and orientation of the fracture and direction of the flood.
Carnes (1966ndicated that it is essential to determine presence and orientation of a
fracture system in a reservoir since it has aiggmt effect on the success or failure of

water flooding.Shedid (2006andShedid and Zekri (2006investigated the effect of

fracture orientation on water flooding processes. The results indicated fracture orientation
had greater influence on oil displacement, and the increase of fracture inclination angle
decreases oil displacent by water flooding. Similar experimental work were reported

by Farzaneh et al. (201@¢cently with different redts between the oil displacement and

the orientation angle. They conducted experimental studies and observed that the oil

di spl acement decreased when t Hap,afdr act ur es o
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distribution increased. In contrast, the oil displaent increased when the orientation
angle, discontinuitydistribution and the number of fractures increastmvever,
experimental workaddressing the simultaneous action of capillagtgvity and viscous
force under the effect of different fractuneemtation (where injection direction is
parallel to fracture) is limited. Understanding how these forces affects frawtir
transfer mechanisms and how these mechanisms are altered by fracture orientation are of

crucial importance and are the mairalgoof thissection

3.2 Experimental Design

An experimentahpparatusncluding sample holder, fluid supply system an@R&y CT
scannedesigned and constructed in Bkapter2 was used in this study. The rock

sample used in this study was Berea Sandstoneawgtageporosityabout 2%. A

single tensile fracture was created artificially on each ¢hsictures are aligned with the
centre of theeachsample andre placegerpendtular to the bedding layers. Average
fracture apertures are around 0.5mm. Pore volume of the matrix and fracture are 18.51mL
and 0.51mL respectivelftive different fracture configurations including ¢igrizontal,

(2) vertical flowing up,(3)vertical floving down,(4)diagonal flowing up, and (5)

diagonal flowing down were investigated to address the influence of fracture orientation
on the capillary imbibition in fractured permeable rock. A detailed matrix of fracture
configurations is displayed figure3-1.

Diagonal Diagonal

fracture fracture
flowing up flowing down

Horizontal  Vertical fracture Vertical fracture
fracture flowing up flowing down

+45

Figure3-1: Five different fracture configurations
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Air-brine, kerosenérine and viscousil-brine represent three different fluid pairs
considered in this experimental work. The viscous oil was formed by mixing 50% by
weight of ndecane and Silicone oil. Kerosene and viscous oil represent two types of oll
phase to prsaturate the sample. Véatwas tagged with 15% by weight of sodium iodide
(Nal) to increase its CT registration and provide a high contrast between the two phases.
The viscosity of tagged water is approximatelydPOand that for kerosene and mixture
oil are 2.9cP and 36.32P,respectively. The physical properties of these fluids are

shown inTable3-1.

Before commencing the experiment, wetting and-wettingliquid phases, were
thoroughly mixed with each other and allowed to separate under gravity adtisn.
procedure minimizes in situ changes in saturation due to mutual soldoitibg the
displacement experimerifo guarantee a predominantly capillaiyven displacement,
injection flow rates are low, in the order of 4mL/hr, which correspond to capillary
numbergNca)on the order of 18to 10°. This capillary number represents the relative
control of viscous over capillary forces. For capillary numbers below fidw in porous
media is considered to be dominated by capillary foloesy(and Kantzas (200)/)Bond
number(Bo) express the relative importanof gravitational to capillary force$able

3-2 summarizes capillary numbeseadBond numbers correspondttaee different fluid

pairs.

Table3-1: Physical properties of fluids

Viscosity at  Specific gravity at

Exp. Phases Fluid composition
25.7C (cP) 25.7C

Set1 water Tagged water(15% Nal by weight) 1.0 1.0
oil Kerosene 29 0.79

Set 2 water Tagged water(15% Ndiy weight) 1.0 1.0
Air Air 0.018 0.001

Set 3 water Tagged water(15% Nal by weight) 1.0 1.0

oil Silicone oil & Decane 50% by weight 36.32 0.83
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Table3-2: Capillary numbers and Bond numbers corresporitiree fluid pairs

Fluid type Nca Bo
Set1 Kerosene 4.8 x 100 0.038
Set2  Air 5.5 x 10° 0.033
Set3  viscous oil 2.7x 10 0.014

3.3 Experiment Procedureand Determination of Porosity and Fluid Saturation

Kerosenebrine and viscous olbrine follow the samexperimental procedure presented
in Figure2-7. Air-brine systenshows similar experimental proage agpresented in
Figure 32. The only difference between these two procedures ig;-briae system,
since distilled water was uséd saturate sampler porosity calculationg the stage 2,
additional72 hoursvacuuming and air injectiowas requied to drain off wateand

saturated with air, before startimgection as shown in stage 3.

1. Vacuum sample 2. Saturate sample 3. Drainoff 4. Begin water 5. End of water
and scan and scan distilledwater injection injection

Scan dry slicefor  Scan slice filled Scan slice. This will Start continuous Continue Scanning

fracture with distilled water. be an initial scanning of slice during water
identification and This will be a condition during water injection
rock heterogeneities reference state injection

Figure3-2: Experimental procedure and CT scanning sequieEmagr-water system

The average sample porosfts,,,, ) is about 2% obtained from the volume @&fiid used
in saturating the sample and the bulk volume of the sample. Pixel porositig$ \ere

obtained fronEquation [22] as shown irChapter2.4.In situ saturations were also

determined using data from the CT scanner. Pixel water saturagigps, { were
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obtained fronEquation p-3], s, ,,, is the average saturation of water in the sample

obtained fronEquation P-4]. Sinceinitial water saturation exist iall air-brine
experimentsin situ saturationandaverage saturatie@meed to be modified as presented

in Appendix A.2Equation[22] and Equation [33]

3.4 Resultsand Discussions

3.4.1 Impact of Viscosity Ratio

In this section, we compare three different immiscible fluid paitis different viscosity

ratios usingthe same injection flow ratef g=4ml/hrin horizontal fracturd rock samples

In experiment set 1, the sample vpae-saturated witkkerosene; in expenent set 2the
sample was preaturated withair, andin experiment set 3, the sample wmae-saturated

with viscous oil before startingrineinjection. Figure3-3 presents average saturation
changes as a function of time for all case. These saturations were averaged over the entire
sample, including fracture and rock matrix Higure3-3, we can see the difference in

water saturation as a function of time and pore volume injéBt¢t) for the three fluid

pairs under considation Since the existence of initialater saturation (Swi=0.1225) in

set 2,air-brine, initial saturations for set 2 is higher than set 1 and set 3 as shown in blue
diamond ofFigure3-3-top. In order tocompare these saturation curves under the same
start point, pore volume injectégVI) for set 2 waextrapolated to zeras shown in
Figure3-3-bottom. The results shotwatearly time behavior is nearly identical for setl

and set 2, because this is controlled by the injection rate that has been specified as 4
mL/hr. After around 0.4#VI, set 2 begins to separate from set 1 and reachgsnum

water saturation at an earlier time addition, set 2 increases as a straight and overlaps
the line of constant imbibion rate implying water saturation incesssa constant rate.
While for set 3, water saturation is negligible during the first 700 reshat injection,

and increases up to 0.1 after 4000 minutes of continuous injection. The increment in
water saturation from set 1 and set 2 is much faster, displaying the influence of viscous

forces.
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Figure3-3: Average water saturation as a function of time and PVI for different fluid. pairs
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The time progression of water saturation maps corresponding to three fluid pairs are
presenedin Figure 34. Dark bluerepresents regions saturated with kerosene (Sw=0.0),
red represents regions saturated with water (Sw=1.0), and intermediate colors represent
the coexistence of kerosene and water. A late water breakthrough time, 0.54 PVI (135
minutes), is observed in s&{the case of water displacing air), while an early
breakthrough time, 0.03PVI (10 minutes), is observed in set 1 (the case of water
displacing kerosene). In addition, a@arrent flow mechanism can be observed in set 2
where water and air toward a sadieection, while ecountercurrentflow mechanism
where water and kerosen®vingin an opposite direction was observed in set 1. This is
because a relative smaller viscosity ratio and higher interfacial tension itlsetcase
of water displacing airthan that in set {the case of water displacing kerosene) that
makes injected water more easily flow from the fracture into the matrix; thus delaying
water breakthrough time and displaying ascaarent flow mechanismln addition, in
set 2, fracturanatix transfer mechanism switches frao-currentto countercurrent
imbibition after water breakthrough, thus limitingdéttbnal recovery of the residefiuid
phase as shows kKigure3-3 (after 135 minutes) anéigure 33 (after 0.54 PVI). That is
consistent with our knowledge thad-currentimbibition can be a more efficient
displacement thaocountercurrentflow (PooladiDarvish and Firoozabadi (20Q0)n set
3, there is only a little increase in water saturation in the neighbodfdbd fracture for
the first 300 minutes; however, none in thatrix. After 1440 minutes, the brine starts to
accumulate in the fracture, represented by the red shades. Under this flowing condition,
there is no evident matrifxacture transfer or imbibitions into the rock matrix. The oil in
the fracture is displacday brine due to forced injection.

Close examination dfigure3-5 reveals similar observation through vertisafuration

profiles. These vertical saturation profiles averaged over the central 6 mm of each CT
slice for three different fluid pairs. These files capture saturation changes with time in
the direction perpendicular to the fracture. For all experiments, continuous high water

saturation is observeatthe center of the samp{@mm, or fracture location In
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experiment set,2he saturationappea after 60minutesof water injectionwhile a sharp
water saturation peak along the fractisrebserved in the early time of set 1(t=20
minutes).That is consistent with late water breakthrough time experiment set and
an earlywater breakthroughme in experiment set observedn Figure 34. In set 3,
there is only a saturation peak in the fractared no watein the matrix implyinghat
capillary forces are not strong enough to drive brine into the matrix and displace the

resident viscousil, thus making the overall process viscous dominated.
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Set 1, kerosendrine
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Set 2, airbrine 0.7
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Set 3, viscous aibrine Bos
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Figure3-4. Sequence of water saturation maps obtained from CT scanning at 4mL/hr water injection rate for different fluid pairs
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Figure3-5: Vertical Saturation profiles perpendicular to the fracture and averaged over the central 6 mm of the sample, for different
fluid pairs
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3.4.2 Impact of Fracture Orientation

In this section, we compare five different fracture orientations in the case of water
displacing air using same injection flow rate g=4ml/hr as displayedyure3-1,
including:

(1) horizontal fracture.

(2) vertical fracture flowing up.

(3) vertical fracture flowing down.

(4) diagonal fracture flowing up.

(5) diagonal fracture flowing down.

Figure3-6 shows average water saturation as a function of pore volume injected (PVI)
for these five different fracture orientatioil@nce again, &ly time behavior is nearly
identical for all cases, because this is controlled by thetioferate that has been
specified as 4 mL/hr. After around 0.B¥1, differentcase start to separatieom each
other.The cases of horizontal fracture and vertical fracliorging down begin to

separate first and reach the I@uknal saturation valuatabout 0.6t0-0.7 after 15 PVI.

On the contrary, diagonal fracture flowing up and vertical flowing up show later
breakthrough and higher ultimate saturation value after 15Tl ultimate recovery

from these imbibition scenarios is primarily contrdlley breakthrough timevhenthe

flow mechanisnswitchesfrom co-current to countecurrent, thus limitingextended

recovery of the resident fluid phase.

The time progression of water saturation maps corresponding to these five fracture
configurationsare presemdin Figure3-7. A co-currentflow mechanism prevailed in all
cases when displacing a naettinggasphase confirming previous observation
Chapter3.3.1 (impact of viscosity ratiojhat cecurrentflow dominates in the case of

water displacing air due to a relative smaller viscosity ratio and higher interfacial tension

In addition, the water front in the matrix is moving faster than that in the feagthich
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Figure3-6: Average water saturation as a function of pore volume injected (PVI) for different fracture orientations
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Figure3-7: Sequence of water saturation maps obtained from CT scanning at 4mL/hr water injection rate for different fracture
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