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ABSTRACT

This report presents the results of awsearchinvestigating cyogenic fracturing
technology While hydraulic fracturing technology has revolutionized the development of
unconventional oil and gas reservoinsaterless fracturing technologies are being
continuously sought due to the concerns over formation damatg, seasumptionand
contamination risksLiquid nitrogen fracturing has been attempted in field, but its
processesmechanismsand effectivenesare not well understood due to very limited
investigation. This study systematically investigated the fdagilmf wellbore liquid
nitrogenfracturing by creang a sharp thermal gradiewhichgenera@éddestructiveéensile

stresse@ the nearfield rock.

Over the duration of the project, wlesigned anduilt an integrate@xperimentakystem

that consistsfdiquid nitrogen delivery, triaxial stress loading, parameter monitpend
dataacquisitionsystemsto conduct cryogenic fracturing tests with and withwoigxial
stresgs With thisequipment, experiments different rocksporehole injectiompressue,
different initial temperatureand varying triaxial stress conditions were conducted and
monitoredin reakttime. With the system he triaxial stresses can appied up to 6500 psi
vertically and 45 0x@ op8saiock ocks.In zddition, @ Isdcond o n
smaller triaxial stress setup was used that allowed visualization of fracturing of blocks up
t o x400x 40in size with concurrent condition monitorin@T scans, eoustic signals
pressure decay testnd breakdown pressure measuretsemere used to characterize

fractures before and after the experiments.

Different types of cryogenic stimulation tests were conducted ordltifilsial and natural

rock samples, including acrylic, glass, concrete, sandstone, andslaalgparent acrig

and glass samples enable us to directly observe cryogenic fracture initiation, propagation,
and patterns under different conditioSsibmersion testgerformed orconcrete samples

have demonstratedhe concept of cryogenic fracturing by sharp thermaldgmtand
allowed refined observation of fractured surfacBerehole thermal shockreatedby

circulating liquid nitrogen into the borehotiemonstraté that cryogenic stimulation is
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capable of generating fractgremanating throughout the acrylic cylerd and concrete
blocks from borehole wallBorehole pressurization improves the penetration of liquid
nitrogen into theryogenically generatddacturesand enlarges tharyogenic cotact with

rock, in turn boosting the ewudion of the fracture networkjndicatedby the drop of
breakdown pressure during or after the cryogenic stimulaBtmulations with glass
samples under triaxial stress loading revealed that cryogenic fractures partially close as
temperatureises back to normal. This same phenomeneas observed for shale samples

by pressure decay tests with and without triaxial stress loading.

Cryogenic fracturing processes depend on rock propektiaker saturation, injection
pressure, treatment time and cycles, and triaxial st@sditions.For concrete samples,
longer curing timeimproves the rock strength, thus increasing the breakdown pressure
while liquid nitrogeninjection pressure andumber ofcycles and water saturatioare
negativéy correlated with théreakdown pressur@n glasssamples we determined that
the cryogenic stresses must overcome the applied stresses to cause fractures in the medium.
Combining tests orsandstone and shale samples, it is confirmed lipaid nitrogen
stimulation reduces the breakdown presshyageneatingfractures inside the rock blogks
and as temperature warms up, the fractnegsow Multiple cycles ofstimulationin shale
samplesndicatethat greaterpermeability enhancemenén be achieved after each cycle
by creating new fractures and widegithe existing oneOptimized and improved CT
scanning techniqgues empower visuatian of micrometer fractures with high accuracy
insideopagueshale sampledn addition, tiaxial stressanisotropyhas been demonstrated

to befavorable for cryogenic fdure generation.

Finite element and finite difference modeliagproachesuccessfullyreproducd the
observations and measurements from our laboratory experincenf&ming thegreat
potentialof liquid nitrogen in fracturing unconventional oil andsgaservoirs. On basis of
theresults fromlaboratory experiments amadimericalsimulation we recommendesting

cryogenic stimulatioimn shallow well groups or in real field wells
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1. Introduction

Cryogenic fracturing is a new concept thaiks to expand and improwgoon traditional
hydraulic fracturing technologylhe concept rests on the idea thgtogenic fluids, or
cryogers can induce fractures when brought into contact with a much warmer rock under
downhole conditions. When liquid trmgen (LN2), which normally boils at195.8& is
injected into a rockvith much higher temperaturkeat from the rock will quickly transfer

to theLN». This rapid heat transfereatesa drasticthermal shockhatcauss the surface

of the rock tocontract. Temperature gradients from the nearface cooled rocko the

inner and warmerpart of the rock may cause the rock surfaceaeentually faildue to
sufficienttension, inducing fractures orthogonal to the contact plane of the cryogen and the
rock. Furthermore, sinceduid nitrogen has a liquidas expansion ratio of 1:694 under
the ambient conditio(il atm, ® e Ghe vaporized gas should, a confined space, create

a high pressure environment helping to propagate the fractures.

As hydraulic fracturindnaschangd thedevelopment landscajé unconventional oil and
gasresourcs, waterless fracturing techragiies have been actively sought due to concerns
arising from both heavy water usage aindractable formation damageCryogenic

fracturing offersa solution to these issues, as well as suppattiegilandgas ndustr yoés
guest to improve both the pacedasefficiency of hydrocarbonrecovery. This new
technology coulghotentially increase the effectivenegdracturingwhile decreasingost
enablingmore formations becoming economically viable. Cryogenic fracturing therefore

has the potential to drastibalncreaseecoverablail and gas reserves.

This report corsists of eight chapters In this chapter Chapter ), we present the
background, motivationandobjectivesof this project,andsummarize the majoesearch
activities during the past threg/eas @eriod.In Chaper 2, waeview the literature on
waterless fracturing technologies with focus on the fundamentals of cyogenic fracturing
and a few previous field tesis oil and gas industryln Chapter 3equipmentsetps
establishedor these invstigations are presentedlong withthe experimental procedures

of a series of testdesigned andtarried out forquantitativeassessmenf cryogenic



treatments In Chapter 4, wepresent theresults and analyses afyogenicfracturing
treatments on aficial and natural rock sampleslemonstrating theffectiveness of
cryogenic fracturingThen, in Chaptes, we present th€T scartechniquesve optimized
and improvedor fracture detection and imagingsiderock sampleswhich enable us to
visualize heinternal fractures created by cryogenic treatmdnt€hapter 6we present
the finite elementand finite differenceschemesspecifically modified for modaig the
cryogenic fracturing processansdcorrespondingimulation resultsachieving very good
agreementvith the experimental resultsr Chaptef7, wepresent thelesign ofsmall scale
field pilot testslocatedonaNiobrara shale outcrom Chapter 8, weoncludeour findings

from this project and recommend future research directions.

1.1 Objectives

The objective of the project is to study, test and develop an innovative cryogenic fracturing
technology for enhanced gas recovery (EGR) frompanmeability shale gas and tight

gas reservoirs. Specificallgur objective is talevelop well stimulatio tediniques using
cryogenic fluidsge.g. liquid nitrogeror liquid CQ, to significantly increase permeability

in a large reservoir voluntegy initiating and propagating fractursesrrounding vertical and
horizontal wells. The newaterlesstechnology haghe potential to reduce formation
damage created by currematerbasedstimulation methods, as well as minimize or
eliminate water usage and the potential for groundwater contamination by fracturing fluid

additives.

The research project mainly consistghe following tasks:

1. Review and synthesize literatuva waterless fracturing technolegacrossacademia
and industly to assesgshe state otthe technologyand understand the fundamersgadf

generating fracturessing acryogenic fluid

2. Designand develomtriaxial stresdoading system capable of testibly» fracturing on

artificial and natural rocklock sample the laboratory
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3. Conductcryogenic fracturingestsonacrylic, glass, concretsandstoneand shalélock
samplesunder trixial stress condition® investigateand evaluatéhe effectiveness and
feasibility of cryogenicfluid on rock samples and determine how cryogatiicinduced

fractures initiateand propagate in unconventional reservoirs;

4. Build mathematical models twimulate the process of cryogenic fracturinggluding
finite element and finite difference schemasd measure rock propertiesatdck samples
to provide input parameters for the mathematical modeid

5. After proof of conceptand demonstration othe potentialeffectiveness of cryogenic
fracturing technology athe labscale demonstratefield implementationand assess

permeability improvement.

1.2 Major A chievements

We designed anduilt an integratedlaboratory systemincorporatingliquid nitrogen
delivery, triaxial stress loading, and data acquisition systemsnstresed and stresgd
cryogenicstimulationtess on cubic rock samplegs large as 8 inche@/ith this system
and another smaller onere carried outryogenic stimulatiotestswith aaylic cylinders,
glass cubegoncrete cubes, sandstpaaed shale rock sampleghile varying operational
parameterdt was found that a minimum threshdldw rate of cryogen is needed to create
the necessary sharp temperature gradient in the borgtitedirectobservatios, bubble
leakage testsemperature angressurenonitoring,CT scansacoustianeasurementsnd
gas brealdown pressure testryogenicfracture growth, morphology andstimulation

efficacy inside the samplesere analyzed and conmedl.

The resultglemonstrat¢hat cryogenic stimulation cameatefractures inall typesof rock
cubes and deteriorate rock propertlso, it wasfound that the generation of fractaie
dependent omock material propertiedn weak concretsamplesafter submersion tests
more cracks were created near the surface than intefdatishole stimulation concrete

samples indicate that longercuring time increasesbreakdown pressurénigher LN2
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injection pressure and rate, and water saturarenfavorable for cryogenic fracturing
Tests on sandstone and shale sangmairmthat LN, stimulationreduces the breakdown
pressure of gas nitrogen fracturjrand as temperature was up, the fractures narrow
Multiple cycles of treatments in shale sam@ekievegreatermpermeability enhancement
after each cgle bybothwidening the existing fractuseand creating neanes. Optimized

and improved CT scanning techniques empedes to visualizes0 € rrscalefractures

with reasonabl@ccuracy inside opaqueae samplesThe cryogenic tests in transparent
glass cubes as well as CT scans of qgtistulated shale cubes demonstrated different
fracture patterns under different stress conditions. Particularly, under isotropic stress
condition, visual examinatiomd permeation tests indicated that fractures were difficult

to initiate.

We developedinite element and finite differeneeathematical modsto account for heat
conduction, thermal expansion or contraction, fluid pressure change, external stress
change,and cryogenic fractures during the stimulation procBgsulation results from

finite difference and finite element modeling agree very well with cryogenic fracturing in
rock cubes, in terms of temperature distribution, fracture generation, and peityeabil

enhancements.

On the basis of observations and measurements from our laboratory experiments, results
from numerical simulation, and geological analysis of the Niobrara shale outcrop, we
pinpointed a site on Niobrara shale outcrop in Lyons, Coloradalasigned double 8

spot well pattern for cryogenic stimulation tests. Borehole characterization and target
interval evaluationvereto be carried out before and after cryogenic stimulation to evaluate

its effectiveness in fracturinipe shalegasformation. This smaliscale field testvas not

implementedhttherequest of the funding agency



2. Literature Review

Without a doubt hydraulic fracturing has revolutionized the exploitatiomodnventional

oil and gasresource in the United Stateand aroud the world Hydraulic fracturing

technology fodevelopingeservoirf micro- and naneDarcypermeabilitypumps highly

pressurized fracturinfjuids at high flow rateto createfractures in reservoir rockgs

pumping stopsthe proppantssuspended inhe fracturing fluidprop openthe complex

network of fractures. Thespoppedfractures increase the contact area between the

reservoir and the wellborserving as highlgonductivepathways foreservoir fluids to

flow into the wellbore and berodued. Hydraulic fracturing and its associating
technologies have drasticalicreag d t he Uni ted Stat(Btewardoi | and
2013)

2.1 Concerns with Hydraulic Fracturing

Modern hydraulic fracturing technology being applied worldvide in field, moe than
90% ofgaswells and70% ofoil wells drilled have been hydraulically fracturedrecent
years(Brannon, 201Q)Hydraulic fracturingrelies on watebased fracturing fluidse.g.
nowadays the most popuksick waterdue to the general availabjliand low cost of water

as well as its compatibility for propparttansport however, a dependence upon water
presents several major shortcomings. First, water can cause significant formation damage,
which can occur asapillary endeffectgrelative permability decreasandclay swelling
stemming fromimbibition and hydration respectively Formation damage mechanisms
inhibit hydrocarbon flowfrom rock matrix into fracture networkand thus impair
production rates and recovery efficiency. Second, wateinusege quantities may place
significant stresses upon local water resoyrespecially for areas experiencing serious
drought, as well asthe local environments. For exampldyydraulic fracturing of a
horizontal well generally requires at least 2 railligallons of watefDOE, 2009)diverting
watersupplyaway from other purposeTransportation ofuch hugemount ofwater to

well siteson road infrastructure that was not designed for high traffic volumes, or

construction activities associated witlpgline development can all have great impacts on



the surrounding communitythird, the high pressurelownhole injectioralong with the
chemicaladditives in waterbased fracturindormulas (Sun, 2014)including slickwater

and gelbased fracturing treatmts lead to contentiouspublic concerns angolitical
climateover induced seismicity and groundwater contaminatamally, after fracturing
treatment, large amount of flolpack of fracturing fluidg€ontaining high concentration of
suspended solids, $sland hydrocarbons, eteeds to be properly treated in order to avoid
environmental pollution, which again lifts the cost of implementing hydraulic fracturing
treatmentgHayes et al. 2014All of these water related issues necessitate the research

ard development of waterless fracturing technologies.

2.2 Waterless Fracturing Technologies

A few waterless fracturing technologies have been developed and tested during the past
several decadeOil base&/emulsionfracturing fluids are expensive anchard to be
dispo®d, thusnowadaysit is rarely used Foans, by stabilizingCO,, N2 or their
combinationin liquid with the aid of surfactantdhave been used since late 1960s for
fracturing to reduce water usage and formation damEge volume of gas in thimam
system varies in the range of-85%,and its subsequent expansion during flow back would
assistand acceleratthe cleaning up of the liquid phatem rock matrix(Gupta, 200%)
Generally, the higher the density and viscosity of foam, the better itxproppants and

the deeper it can be appliddowever, foam is sensitive and fragile to high temperature,
high salinity, and oil/condensate presence, therefore its efficacy is restrained by the
reservoir conditionsBesides, foam fracturing is not complgtevaterless, it mitigates
instead of eliminates the water related issues.

2.2.1Explosiveand Propellant Fracturing

One of those earliestxplosive fracturing technologie®cusing on stimulating low
permeability gas reservoirs is the nuclear fracturitggonated in New Mexico and
Colorado from 1967 to 1974 (StostiB77).Tens of nuclear explosiomar stimulating oll
and gas wedl werealsocarried out by USSR during that peridthese peaceful nuclear

attempts though proved to be very successful iargasingnaturalgasproduction,were
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abandoned due tarohibitive radioactivityaccompanying the gas producti@tarting in
1964 (Miller andJohansenl976),a series oéxplosive fracturing using nitroglycerin and
TNT had been tested in small and shallb-spot well patterns tdragmentoil shale
formatiors for following insitu reéorting in Wyoming Extensive fractures to a radius of
90 feet and significant airflow enhancement upQ6% were measured for differefield
tests by various evaluation teshues Afterwards, Sandia National Laboratory carried out
a series of high energy gas fracturing experimentsuioging ordeflagratingoropellant in
boreholes, aiming to fracture oil, gas, and geothermal viiitiple fractures have been
obtained in wkbores with perforationgWarpinski et al.198Q Cuderman et all982;
1986).Rather than generating compressive shock warepellant deflagrationves rock
matrix by producing sloer propagating pressure peak®topellant fracturing is not
capable ofcarrying proppants into fractures, instead, shear slippage or spalling of the

fracture planes might provide support for fracture opgsi(Page and Miskimins, 2009).

2.2.2Gelled Liquid Systems

Nonaqueous liquids, such akoholandliquefied petroleungas(LPG), have long been
recognized as promising fluids for fracturing unconventional resert@ip®ratory studies

and field application of crosslinked gelled methapased fracturing fluid demonstrated
higher regained permeability than crosslinkedexbtaised gel and gelled oil (Thompson

et al. 1992)Infinite solubility in waterandfavorableinterfacial tensiomelp achieve more
efficient cleaning up and recovery of the flow back, thus increasing the permeability of the
gas phaseln spite of these dvantages, igh safetyrisks are associated withethanol

based fracturing fluidperationslue to its unfavorable properties, including low flash point
of 11eC, wide explosive Ilimits ranging from
the vapor phas@Hernandez et al. 1994Ylore recently, gelled liquefied petemm gas has
been gelled for efficient fracturing treatment and proppants transport, consistently
demonstratingcomplete recovery of the fluiftom the invaded zonafter gel breaking

Also, suyperior to gas fracturing,efjed LPG has been applied to stimulate formatmina

larger depth rangieom 750 feet to 11,500 fe€tudor et al. 2009) Compared with water
based fluid, gelled LPG fracturing generated longiective fracture half lengthsand

higher gas production ratile tomuch better clean up performance amach shorter flow
7



back periodof less than 20 day@d.eBlanc et al. 2011)Similar to methanol, LPG has
potential safety risks with much lower flash point-204 e C e X pltsoo62.3 e | i mi

9.5%, and larger specific gravity.

2.2.3GasFracturing

Formation can be fractured by injecting a gas at pressures high enough to split the rock
matrix, the most widelgvailable and economicghs specieis gaseousitrogen(Freeman

et al. 183). In field application nitrogen isfirst delivered as liquid, after heating up,
gaseous is pumped into the wellbd@ballow well stimulations using gaseous nitrogen had
been conducted in Devonian shale formation in Ohio (Gottschtiafj1985), aboti60%

of the injectiorwas pure nitrogen for fracture propagation, then the latter wé84mixing

with sands to pop up the fractures generafidce gas is of low density and high
compressibility, gaseous nitrogen fracturing is primarily used in shalfmenyventional

oil and gas reservoirs less tha0@ feet deep (Rogala et ab13). Besides, low density
and viscosity limit the capability of nitrogen fracturing to transport proppants. Although
self-propping by rubblizing fracture surfaces is considexed contribution for fracture
opening at shallow depthshis possibility is wiped off fordeep formationf tight
cementation Recently, in pace with the development of ultralight weight proppants,
hundreds of gas fracturing jobs have been succesgfatfprmed in the Montney and
Cardium plays in Canad@anyonTechnical Service2016). Without issues related to
water usage and chemical additivese economics and applicability of gaseous nitrogen
fracturing has been well justified, as compared tonfead hydraulic fracturing (Kothare,
2013).

2.2.4Supercritical CO2 Fracturing

Reservoir temperature and pressurenarenallyhigher than the critical temperati8el e C

and pressuré.38 MPaof CO, (Suehiro et al, 1996), heaCO is supercriticalvhile being

used for fracturing oil and gas reservoils compared to hydraulic fracturing, €@
believed to be capable of creating more complex and extensive fracture networks due to its
low viscosity, also C@can hardly be trapped apdses no damage thraatformations,

attributing to its miscibility with hydrocarbon@Middleton et al. 2015)In addition,
8



attraction between COmolecules and therganic matteis stronger than that between
methanemoleculesand theorganic matterwhich could result irenfanced desorption of
methane during Cfinjection into the shale formatio(Cracknell et al. 1996 This
preferential adsorptiobehaviorand large adsorption capaciufers additional potential

for CO, sequestration in fractured shale reservoirs duriftgeced gas recovery or after
the depletion of the reservoiiko efficiently transport proppants into the fracture network,
attempts of adding Cf&philic solvents or creating gelled systems were tried and several
successful formulas have been found (Enl€98).Several drawbackare associated with
CQO; fracturing, such as searching for proper £€burces and transportation, and post

stimulation separation of GGrom hydrocarbon stream.

2.3 Cryogenic Fracturing

Cryogenic fracturing is not a new emergicgnceptin petroleum industryalthough not

much resarch has been done in this arkag (1983) used gelled liquid carbon dioxide

to stimulate tight gas sand formations instead of conventional fracturing, flwidls as

water or oil. His primary motivatn for using liquid carbon dioxide as stimulation fluid is

to eliminate the effects of residual fluid in the stimulation of low permeability reservoirs,
especiallyfor the low fluid return problem. After the liquid carbon dioxide treatment, the
carbon diaide would evaporate and return to the surface under controlled rates as a gas,
resulting in a more rapid cleanup. Since the liquid carbon dioxide is gelled, it has enough
capability for bringing proppants into the fractureshold them open. He used this
technique to treat several wells in fie#tl of whichshowed increased production rate after
treatment. Unfortunately, there is no post fracturing production data over a long period
available for these wellAlthough the field tests showed successtulsrul t s i n  King
research, the laboratory experim& were absent. The field testsults cannot address
whetherthe fractures are generated due to hydraulic effect or thermal effect from the gelled

liquid carbon dioxide.

To further address the fracturimgechanism, McDaniel et al. (1997) conducted several

laboratory liquid nitrogen submersion tests on coal samples to prove that cryogenic
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fracturing may have an advantageous effect on gas production from tighateowoal

bed methane wells. The coal sde® experienced significant shrinkage during the
submersion tests with creation of midractures orthogonal to the surfaces which were
exposed to cryogen. After further muttycle cryogen submersion tests, the coal samples
were shattered into small pest Afterthreecycles of submersion in liquid nitrogen and
warming up to the ambient temperature, the coal samples were reduced to grain size
particles. This research shows that cryogenic fracturing can effectively increase the
production in coabed methne formation and may also have a promising effect on other
rock formations. Besides the laboratory experiments, McDaniel et al. also applied
cryogenic fracturing to 5 wells for field tests. However, the results from these wells were
mixed: three of themxperienced increased production rate, one experienced equivalent
production and one experienced decreased production. Among the three wells with

increased production, two of them had long term increment in production.

Grundmann et al. (199&ter conduced a cryogenic fracturing treatment in a Devonian
shale well with liquid nitrogen. The well showed an 8% increment in the initial production
rate when compared to a nearby offset well that underwent a traditional nitrogen gas
fracturing treatment. Howevehere was no subsequent production information available

for this well due to a logistical shurt. Although the result from this well may result from
various reasons, such as anisotropic stress conditions and heterogeneous reservoir
conditions over shordistances, it showed no drawback with cryogenic fracturing

technology as opposed to conventional hydraulic fracturing.

Although thereportedfield tests have shown some promising benefits from cryogenic
fracturing, they did not identify the fracturing of@nisms at work in downhole conditions.

In addition, there are also some concerns about the effectiveness of cryogenic fracturing,
such as equipment used for injection cryogenic fluids and proppant carrying capability.
Liquid nitrogen and carbon dioxidadk significant viscosity for carrying proppants into
fracturesat downhole conditiongRudenko et al. 1934~enghour et al. 1998which may

lead to imdequate proppants in fractures to hold them open. GuyateBobier(1998)

concluded that it is possibter cryogenic carbon dioxide to transport adequate amount of
10



proppants by increasing the velocity of the fluid. The turbulence accompanied by the high
velocity permitted proppasto be carried efficiently from the wellbore to the perforations

or even tahe fractures. In addition, with the rubblization effect discovered in the research
from McDaniel et al. (1997), the rock formations treated with cryogenic fluid may undergo
a selfpropping process. The rubblized rock may enable the fractures to stagggest
in-situ stress after cessation of treatment preswst of the workperformed to daten
cryogenic fractung was simple laboratorgr field work that does not show consistent
results.Besides none of the previous work actually refle¢he fracture initiaton by
cryogenic fracturing under different stat#f stress and temperature. Therefore, there is a
need to definéhe fracture mechanisms presendeadngthe cryogenic fracturingrocesses

undersuch conditions

Without the issues asso@dt with use of watebased fracturing fluidscryogenic
fracturing offers potentially greater fracturing capabilities. As for formation damage, there
are completely no concerns for cryogenic fracturing, since nitrogen will not react with
minerals inside t formation, neither as liquid nor as gas. In addition, there is also no
liquid flowback after cryogenic fracturing for nitrogen gamiscible with natural gas and

has little retention when displacdxy liquid hydrocarbons inside the formation. After
cryogenic treatment, the formation can be regarded as intact from any kind of water or
drilling fluid. Cryogenic fracturing can also minimize water consumption in stimulation
process, which will savenillions of gallons of water compared to traditional hydiau
fracturing operations. Once massively deployed, liquid nitrogen can be obtained by
separating and compressing nitrogen gas from air by commercial air separation equipment
at operation sites, which also minimizes the cost for transportation or pipeline

development.
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3. Experimental Desigrs

For cryogenic stimulation tests, there are multiple types of fracturing mechaasires
few variable parametete investigateand analyzeThus it is vital that all samples tested
are similar to each other. To ensties, most of the artificial and natural rock samples to
be tested are processed iitax 8 & 8 dlocks,an intermediate scale between cores and
reservoirs. Théypes ofartificial and natural rock samples tedinclude concrete, acrylic,
glass, tight andstone, and shal€oncretesampleswere prepared by mixing Portland
cementcommercial grade Portland Cement Quikrete Typée#lll24)with coarse san(l
Table 3.1) and water. The sand/cement and water/cemedsrare 2.5 and 0.55,
respectively. Thewere frequentlyusedin liquid nitrogen injection tests view of the
controllablemechanical properties based on numerous variafles as material ratios,
curing time, and the curing environmehlte carried ot different types of crygenic
stimulatiors by varyingoperational factors and experimental conditions.

Tab3lls&i eve analysis of sand used for

Sand Mesh Siz( Percentagg
4 100.0
8 994
16 86.8
30 58.4
50 27.6
100 6.9
200 2.4

3.1 Experimental Setup

We considezdtwo cryogenic stimulation planboreholeghermal shock and thermal shock
combinedwith borehole pressurizatiomn both plansLN3 is injected intold di amet er
borehols, whch are drilled 6inchesdeep from the center of a face irte 8 ¢cubic

sample. Fracturing byboreholehermal shoclonly usegensile stresgesulting from sharp

thermal gradient to initiate fractures Additional borehole pressurizatiomay keep

cryogenic fractures opeand helgpropagatdracturedurther into the rock matrixVe have

designed and builin integrated heavguty experimentakystem which empowers us to

conduct borehole stimulationtests with and without pressurization and borehole
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stimulationtestswith and withoutconfining stress conditions that usesiaxial loading

system These setupand theintegratedequipmentare presenteldelow.

3.1.1Setup for Borehole Thermal Shock

In this test setup, we are mainly concerned about g@ptiimborehole as rapidly as possible
to maximizethethermal gradienacross theontactsurface This is done by flowing LN
continuously through the boreholgthout pressurizationThe basicscheme is illustrated
in Figure 3.11. In this labscale experiment, LNs pumped from the Dewar by pressure
difference usinga liquid nitrogen withdrawal devicd.N: is transported by vacuum
jacketedhose to the specimen, and injeci@® the boreholand then directetb anoutlet

at atmospheric pressur pressure transducisrattached to monitor the borehgleessure

In this thermal shock setupressure insidéhe borehole isapproximatelythe same as the
releasepressurdrom the Dewar. Because this scheme dassgyenerate much pressuite,
can be applied to botktresed and urstresed smples. This experimental equipment
employsspecializedcryogenierated transport, control, and measurement systévies.
have set up redime monitoringand loggimg of various paametersnside the borehole
including pressure LN, consumptiontemperatureand acoustic signal$-or moderate
increases in pressurestaucturethat confines a packer in plasasbuilt to preventLN>
leakage througthe packer.

3.1.2Setup for Pressurized Borehole Stimulation

This system inFigure 3.12 was designedand builtfor applying a increased injection
pressuran the boreholdo enhancehe fracturesnitiated by thermal shockitherduring

or afterthe LN3 injection The schemeusedto forcefluids into a boreholes connecding

the system witta high pressuraitrogen gagGN,) cylinder. Also, the high pressui@N;
cylinder canbe switched betweeliN, dewar and the wellheddr pressurized Lhand

GN injection. The pressure release valnstalled over the wellhead was set to help
maintain a constant pressure inside the borehole.LN»edewar was chosen for high
pressure purpose as well. This system is applicable for both unconfined rock samples an
confined onewith triaxial stress loadingn addition, the realime monitoring and data

acquisition system is completely compatible with this setup.
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3.1.3Triaxial StressL oading System

We built a triaxial stressloading systemto simulatein situ reservoir onfining stress
conditiors. The system operates a prassl two hydraulic cylinder® load up to 6500 psi
vertically and 4500 psi horizontalgn 8 & 8 & 8 0  bsFgurek3.1.3). By controling
the hydraulic air pumpfor vertical and horizontal loadin@-igure 3.14), quasiconstant
stresses can be kept during the cryogenic stimuldésts The triaxial stressloading
system at LBNL applies constant stress to smaller sammegver has custom platens

even allowing visualization through as many as two faces.

Most other commercially available triaxial loadings use membrane packs that are
connected to the hydraulic power system, anel closedsystens where the confining
structure and loading pador piston encloses the specime®ur equipment is a
straightforwardopensystemwhere all three loading drivers and the specimen blocks are
exposed and assembled inside the containment(Figgre 3.1.5 and Figure 3.16). In
addition three heawduty ratchet tiedown straps (5000 Ibs. each) surround the
containment for extra safetyhis open system is versatilgecause it is easier to observe
internal processsduring the experimentandwe can act immediatelypon an accidental
internalproblem, e.g. cryogen spillhis also makes the system muebksexpensive than
hydraulic power systegtontained by flexible membrane bladdEnesimple yet flexible
design can also easily lbenvered for hydraulic fracturing experiments.

Oneexpected disadvantage of this systerthat it is not ideal forock specimens with
uneven surfaceor tilted surface, although he pistons can accommodate limiteld.
Uneven surfaceor significantly tilted surfacewill createuneven stress distributiort

high stress, this may fracture the rot¥hile we are trying to prepare even amttilted
specimesas much as possible, the effect of uneven and/or tiltedcesrtan be alleviated
by inserting flexiblerubber padto evenly distribute stressékhe other disadvantage that
both the CSM and LBNL triaxiagtressetups have is the inability to apply a pore pressure.
Few systens exist thatallow realistic pore presires, temperatures, stresses, and the

application of a cryogeat this moment
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Figure3.13 Triaxial stresdoading systendesigned for cryogenic fracturing experinmgent

17



Fi g3 5P i ssi dinr i za mteaclt i otnhese nwiati miimme g t

18



3.1.4 Integrated ExperimentalSystem

The abovementioned borehole 1 Mjection system waintegrated with théiaxial stress
loading systemmeanwhileareattime temperature and pressure monitoring by was

built by installing a data logger wittemperature sensoend pressure transduceFsgure

3.17 shows a complete view of the entire equipm@mte practical advantage of our system

is thatthe verticalloading frame can be easily removed by rolling it away after unlocking it
from the bed. This ability provides a user with space to work on specimens and inside the

containment.

The boiling point of liquid nitrogen at atmosphereli85.8€ (-320.4F), and the gas nitrogen
used was always stored in cylinders at room temperdt#2k1€ o r 70F) . Therefore,
temperature sensochosen for ouexperimersg are Type T thermocouples, which are made
of copper and constantan and suited for temperature measurentestrange 0f200 to
350€ (-380 to 392F). There are up to tethermocoupleshat can baiseddepending on
different experimentsGenerally, one thermocoupie attached to the borehole wall inside
wellbore in samplesA second onés suspended insedwellbore. The othersare attached to
the surface of samples areused for additional temperature data collection at flexible

positions.
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Pressure transducers are used to monitor pressure inside wellbore of samples, and injection
gas pressure imgas acumulator. The pressure transducers used are rated up to 3000 psi and
connected to the data acquisit®ystem, which can provide rei@ine reading or monitoring

while testing. The pressure transducer connected to wellbore is placed aboeshimgioer

than the top surface difie rocksample, to avoid liquid nitrogetontactingit thus resulting

in inaccurate reading.

e
: a Hydrarﬁ: pre§_§
£27 7 (veiticatfoading) ,l
e r&p o, W
Triaxially loaded

specimen inside |
 the contamment i

Comprassed .. b AW
N29 s - 2 i ¥ - ‘; ¢ S K

N
—

f 1,&;‘ =8

F i g 8 r7integrateddboratoryequipment forcryogenicfracturingexperiments

3.15 Casing andWellhead Installation

With the excepton of submersioriests stainless steel casing sszaemented to the borehole
to facilitate LN injection and vertical stress loadinthe annulus between therehole and
the casing is fikd with epoxy,lavi ng 2 0 edigatie bbotmrh ef thethchdeep
borehole.Then, apackerwas desiged and assembletb accommodate inlet and outlet
tubings and seal th@asingfrom the outside. Keepinghe casingin place is important in our
fracturingexperinent At low borehole pressure condit®im unstresedrock specimens, a
packerconfiningstructurecan be readily applicabl€igure 3.18). A packer can be attached

to the top of a borehole with epoxy and thaghdlloading can be applied by the confining
20



device. The degree of confining depends on the expected level of pressure inside the
borehole. This device has been used for unconfined specimens and has been controllable and
repeatableTo adapt tahetriaxial loading system wherthe existence ofin external rig is
undesirable due to loading driverge designed and manufacturedeaoverablevellhead

coupling the inlet and outlet tubings
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3.2 Experimental Procedure

To investigatehe fracturing mechanisms and characteristics of cryogenic stimulateon,
proposed different types of experiments to investigate the effecirging experimental

parametes and conditions on the fracturing procesgeklitionally, to better evaluate and
illustrate the efficacy of cryogenic fracturing, we establisbe¢eral kinds of measurement

methods, includinghe pressure decay test, acoustic measurements, and Gingcan

3.2.1 Sibmersion Tests

As prdiminary tess, the setup of sersubmersiorandfull-submersiorexperiments is quite
simple.To apply a strong constant temperature gradient acrosskalock, an8 &ubic
concrete block was set on supports in an dpgrinsulagédenclosureas shownn

Figure 3.21. The enclosure was filled with liquid nitrogen up to the midline of the concrete
block. The liquid nitrogen level was maintained for 30 minutes and then allovizil Off.

In the fullsubmersion,one dry and one we2.70 x 2.50 x 1.50 concrete block were
completely immersed into the liquid nitrogenan insulating container for 50 minutd$he
blocks werenot removed untitheyequilibrated thermally with amhi¢ temperature. Each
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side was labeled and photographed at high resolution before and after the test. The images
were carefully aligned and digitally subtracted from one another to highlight the differences.

Concrete Block

Insulating
Box

Figure3.21 Setup for semsubmersion test

3.2.2Borehole Thermal Shock

With the outlet open to atmosphenee cool the borehole as rapidly as possible by flowing

LN> continuously through the boreholeN; is pumpedout ofthe storagedewarby pressre
difference usinga liquid nitrogen withdrawal deviceThen itis transportedthrough a
vacuumjacketechose to the specimen, and injecite the boreholand then directed tan
outletopen to the atmospher& pressure transducerattached tdhe wellhead tomonitor

the boreholg@ressurewhichis approximateljthe same as theleaseressuref thedewar.

During the thermal shock tests, several thermocouples were attached to the inlet, borehole,
outlet, and sample surface to monitor the dynamauwtion of temperatures. Before and

after the test, the dewavas weighed for LK consumption and acoustic signaleere

measured for quantitative evaluation of fracture generation inside the .blocks

3.23 PressurizedBorehole Stimulation
Toenhancehefractures created by thermal shpaleappliedpressure to the borehalaring

and/or after thé&.N, injection During LN injection, GN; of constant pressure wased to
22



drive theLN2 from dewar to the borehole. While after £ Mjection, high pressure GNs

directly injected into the boreholBorehole pressurizationas appliedfor both unconfined
and confined cubic rock samplestresed by the triaxial loading system Unconfined
specimens cannot sustamuch borehole pressuregs fissureswere observedin weak

concrete due to pressurizatianpressurelower than ~10@si.

3.2.4Borehole Stimulation with Triaxial Stresses

Borehole stimulationtests with triaxial stresseswere conducted with our integrated
experimental setugescribed irBections 3.2and3.1.3The 80 c ub i arefirsto c k
placed in the containment, with stainless steel l[dackl rubber/teflon paddaced between

the cube faces and theump piston.Then, @ top of the rock samplesteel blocks
manufactured to fit the wellheadeplaced. By graduallyincreasinghe hydraulic air pung
desired stresses in X, y, and z axes can be achidegt cryogenictimulation tests with or
without pressurizationan becarried out by operating the LMelivery systemAt the same
time,temperature, pressure and stresses are logged and displayed aBefovesand after

the cryogenic stimulation tests, pressure decay tests are condoctaglantitative

permeability comparison.

3.2.5 Pressure Decay Tests

The pressure decay testre performed to evaluate the permeabilityrotk samplesWe
performed a prstimulation pressure decay test on all samples andéch experiment in
which rock samples were nabroken or shattereduring liquid nitrogen treatment, we
performed gooststimulation pressur@éecaytest. These tests proedhe rate of pressure
decay, indicahg thechangsin effective air permeabilitpf the samplén the vicinity of the
borehole. Ressuredecaytest were performed by pressurizing the borehole to 175 psi,
shuting in the wellbore, and allowingpé pressure to slowjraw down

3.2.6 Acoustic Measurements
Acoustic measuremengjive the velocity of compressionahdshearwavesinsidevarious

materials By comparing these velocities before and ghenformingthe LN\: treatment, the

existence of fractures within the rock sample medium can be qualitatively proven.
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Additionally, with known rock densityhe dynamielasticmodulussY oungos )an@ dul us
Poiso n 6 s r a taicubatedr@amthede éwo velocitieI he equipment used here was an
OLYMPUS pulser and a DS® 2004A digital oscilloscopeRigure 3.22). Figure 3.23

shows aschematiof the experimeral setup for acoustic mearementfFigure 3.24 shows

the typical waveform that is captured in the acoustis {€ta and Cho, 2007)
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3.2.7 CT Scan

Computed tomography (CT) usesrXys toimage detaik of the structures inside rock
samples This instrument has been used for many years in the mediahtific, and
industrial fieldsto obtain three dimensional imagestbé nternal structure of people or
objects CT scanning demonstrates value as a reliable tool in analyzing natural fractures
(Bergosh et al. 1985J.he scanner consists of a rotatingrXy source andows ofdetectos

which circle theblock sampldying on amoveableable.Figure 3.25 shows the CT scanner

usedat CSMthat was provided by Weatherford Laborgtor Golden, Colorado.

The major advantage of the CT scannerdatecting fracturess thatitd s -aesitrodwve.
However, for the 8 culkic rock sampls used in this studythis type ofconventionalCT
scanner encountered difficultiés detecting thermally induceftactures due to its low
resolutionaround 0.3 mmThe minimum fracture aperture detectable is lEnahan this
however.Additionally, the size and the shape of the block, as well as the cstsielg

cemented in the rock blodould have someegativeeffect on the scan.

In consideration of théimitations of conventional CT scanners, we tried fatimize the
operational parameters and integrated new techniques into it to improve its capability in
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imaging microscale cryogenifractures inside rock sampleshich were mainly done at

LBNL. These are explained in detailsGhapters.

P T YTy
A -

Fi g3th@ah@Tscanner used in this study

3.3Summary

Startingfrom submersion tests of concrete samples into liquid nitrogergontinued to
simply pour liquid nitrogen intdoreholes drilled in the concrete sampléo observe
cryogenic fracturesWith positive observations, we further extended the borethelenal
shockteststo mimic the possibilities in field applicatiday circulating liquid nitrogen in and
out, and injecting liquid nitrogerinto the boreholeunder increasedoressure. Then,
considering the hsitu stress conditions in real reservoirs, we desigmetbuilt a heavy
duty triaxial stress loading system to apply analogous stresses to rock saBwles.
incorporating theliquid nitrogen delivery, triaial stress loadingand realtime data
acquisition systemswe eventually established an integrated experimaystemthat is
suitable forconducing variouscryogenic fracturing tests with and withdugxial stresges

0 n cBbicrock blocks In addition, at LBNL, we designed and built a similar but smaller

equipmentconsisting of liquid nitrogen delivery and triaxial stress loading systéis.
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equipment has an observatipart, which allows us to directly see the cryogenic fracturing
processes transparent sampldgacrylic and glassynder triaxial stress conditions.

With the integratedequipment,we formulated procedures for a variety etperiments
conductedn differenttypes ofrocks, borehole injection pressure, initial temperatweger
satuation, and triaxial stress condition§o characterize the cryogenic fractures generated
inside the rock samplewe adopted CT scans, pressure decay tests, acoustic measurements,
and breakdown tests and modified themtetter qualitative and quantitedi evaluation of

the cryogenic fracturing efficacyll of these evaluation methods are capable of detecting
cryogenic fractures creat@dthe rock sampleafter liquid nitrogen treatments.
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4. Experimental Resuls and Analyses

Numeroustests have beenconducted on differentypes of artificial and naturalrock
concrete,acrylic, glass, sandstone, and shale. The concrete samptre made in the
laboratory transparenacrylic and glassamples are commercial productsiile sandstone
and shale sampleseaacquiredrom mining companiesTable 4.1shows generic values of
theavailablemechanical and thermal properties of the samples.

These samplesire tested under different stresses and temperature scenarios including
unconfined and confined tests. Mdest details arpresentedhter in this sectiorCryogenic
stimulatiors cariied out on transparent acrylic and glass samplesble us to visualize the
fracture morphology and its relation to stress conditions, as are also repahteidllowing
sectians.

Table4.1 Mechanicabnd thermal propertiesf rocksamples

Rok type
Concrete Sandstone Shale
Properties

Density(gm/cc) 2.242.4 2.2-2.8 2428
Compressive streng(ipsi) 29005800 2900-25,000 720-14,000
Tensile strengtlipsi) 290-720 580-3600 290-1400

Y o u n godusus @6’ psi 2-6 0.153 0.15-10
Poi ssonds 0.200.21 0.21-0.38 0.200.40
Shear strengttpéi) 870-2500 12005800 4404400
Specific heat capacity k J K) | 0.75 0.92 0.881.09

4.1 Submersion Tests ofConcrete

We conducted two types of submersion tests. One is-sebmersion, wherguid nitrogen
is filled up to the midline of the concretdock; the other is fulsubmersion, in which a

smaller conagte sample is completely immersed into the liquid nitrogen.

4.1.1 Seni-Submersion Test

Figure 4.11 shows the results of subtracting the before and after images (difference images).
The differences for the top armbttom (shown at the top and bottom) do not show any
apparenfractures. The four vertical faces that were ssutimerged show a fracture along

the center all the way around the block (light shaded crack). This indicates that the block was
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fractured dued the application of the thermal gradient. No obvious indication of block

fractuing was observed during the-8inute test and no obvious cracking sound was heard.

FigarlSubtracted benbhges ahdbabisurbsnedss oaf tt @rs
Top {Tow side;-fMuddvertowal faoeshéromghtont
BottoBotdotwnrsaickes. are indicated by the

Following the semisubmersiontest, the block was CEcamed using a modified G.E.
LightSpeed 16 medical CT scann&igure 4.1.2 shows a vertical cross section indicating
the presence of a fracture (darker) emanating from both sides and progressing towards the

cente of the block.
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Fi g412€T scan showing a verticalubsneirse onf tels
Arrows point to fractures in the block r

4.12 Full-Submersion Test

Thedry concretesamplewasimmersed inLN2 for 50 minutesthe samplevas thenleft for

4 hours to finish evaporating and equilibrate with room temperature. The concrete block
tested showedpparenshrinkage whilemmersedAfter the test,lie man fractures formed
polygonal shpes around the exterior of tity sampleThis behavior indicates that the block

was fractured due to the application loé thermal gradient.

Figure 4.1.3 shows the images of thep side of thelry concrete block before and after the
submersion test. The i mage mar ked astesfiaftero
whenthe fracture wereclear and easilpbserved by the naked eykhe inducedractures

formed a polygonahetwork. Since there are no stresses applied during this test, the block

was fractured purely due to the application of the thermal shock. All faces of the block had

newly created fractures and/or extensiongxsting fracturesFigure 4.14 shows a new

fracture onface(1). Next to it is a preexisting fracture that was extended vertically. The

scale of tlesepicturesis 1 mm. After the samplmseback to the room temperature, some

fractures were observed tmsk.
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(a) before (b) after
Figar38op soffabe comefreriae tderdrdstcukbenefrislilon t est

(a) before (b) after

Fi gaarddmages of t heFacle nafrted-seu thhheorcBku bbhot le st s h¢
the extension oft heex icsrteiantgi ofnr aocft ulraersg ea n dn e

Anotherwet concrete blockgured in the same environment with thg dne,was placed in
water for one weekThen it wasimmersed intdiquid nitrogen for 50 minutes and left fdr
hours to finish evaporating and equilibrate with raemperatureAs was seen with the dry
sample, he concrete block tested showappareh shrinkage whilecold and severahew
fractures were identifiedand similarfractureswereformedwith polygonal shapes around
the exteior of the block. However, thegmlygonal shapewaerebiggerin size comparetb
thoseon the dry sample.
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Figure 4.15 shows the before and after images of the top side ef¢heoncrete block. The
pictures of the block were taken immediately after the cryogenic test. Fravarexseated
extensively in big polygaa shaps, ard as before in the case of the dry sample, due to the
absence of other applied stresses these fractures had to be created from thermahsmck
comparing the samplethiedry sampleéhas more fractures thatopagate away from the block
edgeswhile thefractureson the wet sampleere created near the edg€kis may have been

due to the effect of ice formation in the pores of the wet sample. Ice formation would only
occur in the pores on the outer layer of the sample, causing additional stress lockhe b
Thefreezingof outer layer causeldteralexpansionresulting in shear fractures parallel to

the exposed surfaces (Kneafsey et2@l1).

| | .
¢ s O e

(a) before
Figar58op sut hveedo nafr et e bl escukb meedrisetr e g th.e
Acougic measurements were conducted on thecdncrete sampsaused in the submersion
teststo seethe changes in acoustic velocities after the cryogenic treatmentoddteh of
the acoustic sensors was in the center of each block Fégpare 4.16 shows Pwave
velocities before andfter putting the sampli@side theLN, container. The decrease in P
wave velocity indicates thé&ractures were created byecryogenic treatment since the wave

takes a longer time when traveling through any air gap
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4.2 BoreholeThermal Shock

@ Before test
o After test

1 2
Measurement location #

before

and

We conducted cryogenic stimulation tests by circulating 'lNand out of the borehole

drilled in artificial and natural rock blocks at low pressure. Since the outlet is open to

atmosphere, the fluid pressure in borehole is not cermidas a contributing factor for

propagating cryogenic fractures, i.e. stearp thermal gradient from LNhjected into the

borehole is the only driving force for fracture generation inside the rock blocks.

4.2.1Acrylic Cylinders

Experiments are perfored to observe and study the development and morphology of cracks

generated from cryogenic thermal shock at the borehole geometry. Acrylic specimens are

chosen because they dransparentand relatively brittle, which is one ¢fie important

characterists of rocks.

4.2.1.1Sample 1

Thedimensions of the acrylic Sampleareillustrated inFigure 4.21. The acrylic cylinder

is 4" in diameter and 9.1" ineightand the borehole is 7" deep and 0.5" in diaméte3.5"
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stainless steel tube is inserted and attached to the borehole wall to the depth of 2.5". LN

inlet tubing is inserted to 2.25" below the casing end.

Taking advantage of theamplebeing transparent, we observed the flow characteristics

inside the brehole. Upon the start of the experiment, nitrogen inside the borehole was flown

initially as agas state (for about 1~2 minutes), and then flonages mixed with droplets

of liquid, and finally flown ina more continuousphase of liquid with stilla significant

amount of gas phase intermixed.

D=4"

H=9.1"

+—>

l B.H. diameter= 0.5"

(@)

4.2.1.1.1Temperature, pressure, anddddbnsumption

SS casing

depth=2.5"

l

Borehole
depth=7"

and i

n i

et

(b)
Figarldcr ya mel (Sd) mensain@imgs cd i pti on

Inletpoint=4.75"
(2.25"below SS
casing;inthe middle
of open casing)

of

t ube.

st ai

n i

Temperature decreased fairly rapidly compared to the previous experiments, potentially

aided byimproved and morefficient tube connections and inatibns.Although alarge

volumeof LN (20kg)was used, mostfdhe fracture occurred at an earlstage(within 20

minutes) The Dewar lever was opened fully during releasing Wwithout any partial or full

closure.
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4.2.1.1.2Crack development

| magése afcr ylarce ceydptnudrerpls € nmanhemet hroughout
as shoewgdrd® |t i s obascegruvoendniotthiast o ft botuowust her
jumpy and | nbtaleaaamde ceus dBh dmr atcheut e puomps The
magni tude/ amount of jJjump (or instantaneous g

| ardest of the cracks occurred within 20 min

The dominant pattern of crack morphology is a horizontahar, radial propagation. Each
of such crackss created, spaced by a certain length (exclusion distance).c@hidbe
explainedby the fact that thepecimen is cylindrical with boreholeheight greater thatine
diameter, which makes the amount of thalrgontraction greater in the longitudinal direction.
An exclusion distance exists because a set of sicaknot be created closer than a certain

length due to a limited amount of thermal contractieigire 4.25).

The circumferential thermal contraction does generate vertical cracks, thioeghare
smaller and fewer than the horizontal fracturBise \ertical tension cracktend to initiate
from or form between the existing horizontal radial crabkisiging between the radial cracks
presumably because it takes lowamergy to start fronpre-existing defecs (i.e., the
horizontal radial crackand propagate toward an existing de{€ajure 4.2.4-Figure 4.25).

At the end of the experiment, the specimen shawsptex fracture morphology created by

interplay between longitudinal and circumferential thermal contradkigure 4.2.4).

Temperatue distribution at the surface is also affected by the location of cracks. In fact, free
movementof the liquid nitrogenwas observed inside the crackBhis may help a crack to
further propagatd-igure 4.2.6 showthat ®me cracks approached the surfate later stage

of the experiment, and the temperature near the crack is readily affected by the proximity to

the cracks.
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Fi g4rd€r ack devebotmmeominod@loeé represent al
growth steps.
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4.2.1.1.3Effect of borehole condition

One majomplanar radial crack occurrenlthe steel casingreaatanearly stageThisis likely

due tothe presence of the steel casing, which dhgh heat conductivitand will have
shorter perioaf Leidenfrost effec{Liquid nitrogen vaporizes at the solid surface, generating
a nitrogen gas cushion, whidas a much lower thermaktonductivity than the LN3.).
However, further growth is limited becausedd#nnot flow intahe generated cra¢kigure
4.2.7).

We have noticed that the distribution of cryogenic temperature inside the borehole is affected
by the location otheinjection point Cracks are mainly generated near and riglitont of
the injection point, which suggest temperaturalifferential in the borehole due to colder

temperaturesear the inleFigure 4.2.7).

: i Injection
: i pipe

 Injection

ViNEE

*

-

v,
LV
et

Fi gar7Ef fect of barehole conditi

4.2.1.2Sample 2
The dimensionsof Sample2 are the same asdbe of the Sample 1. In this experiment

however, bth the steel casing arttie inletp o i nt ia depth The i§jéctionpoint is
purposely locatedhigher thanthe previous test fothe Samplel to see the effect dhe
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location ofinjectionpoint (Figure 4.28). The duration of thexperimenis 11 minutes and

the amount ofiquid nitrogen consumption is 71@).

4.2.1.21 Temperature

Temperatures at the side (TC #Z, #4,and TC #5) dropped hyeasurablamouns shortly
after the end of the test as showrrigure 4.29 andFigure 4.210. It is probably due to the
pressure drop at the borehole. The temperatistebutionat the surface is alstepenént

on the proximity to the crack&igure 4.210).

Steel casing SScasing depth
bonded by =Depthtoinlet
epoxy - l ) 5 o

H=9.1"

B.H. diameter= 0.5"

Fi g4 18Acr ¥Wwlaimg2l( ed) me n@ain@mé¢ sdri pti on of stainle:
and inlet tube
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4.2.1.2.2Crack development
Two cracksare started as the horizontal radial pattern: one in the steel casing part and the
other right infront of the inlet port Figure 4.211). Later on, vertical cracks are created and

bridges the radial cracks.

As observed andxplainedfor the Samplel test, the cracks at the steel casing are aided by
the efficient propagation afiecryogenic tenperature from the casing, and the radial growth
of the crack in the steel casing is limited by the lack of Ebpply to the generated crack
(Figure 4.211 andFigure 4.212).

Similar to theSamplel test, the crack in the uncased part is located close to the inldhport.
this test howeveronly one big radial \wg is created (compared tcetthree in the previous
test), which means that there was not enough drivingraction to generate more cracks.
The lack of thermal driving could be due to shostenulationtime (smallelamount ofLN2>

applied).

I»I»I»I




Fi garl2Cr ack devel opment

Effect of
steel casing

Acrack plane aided by the »
proximity to the inlet port

Figure4.212 Effect of borehole conditian

4.2.2Concrete Samples

Liquid nitrogen was brought intitne open borehole in the center of concrete samples in two
ways. One is simply pouring LINinto the borehole, the other is injecting 1. Mto the
borehole by setting a packer on top of it.

4.2.2.1 Pouring LNz into Open Borehole

As a firststepexperimenta cement carete specimen with'& 8" x 8" dimension are made
and a6odeepboreholevi t h  d i a mesdri#lad at thé entér.ofthétap surface.iquid
nitrogen is poured into the open borehole usipgrtabldiquid nitrogen bottle. We observed

rapidvaporizationof liquid nitrogenwith Leidenfrosteffect
43



After pouringof liquid nitrogen into the boreholehd concrete block veaimaged using X
ray computed tomography (CBcanto look for fractures resulting from the cryogen
treatment Note that no préreatment CT scan was done for this blo8kkcanning was
performed using a modified Siemens Somatom HiQ medieayXCT scanrne The block

was scanned in two orientations to provide orthogonal views of the inside of the block.

Figure 4.213 shows a vertical cross section throughltbesholein the center of the block.
Fracture density auld be expected to be highest near loeeholewhere temperature
gradientsare highest. The lighter shades CT scanindicate higher density and the darker
shades indicate lower density. Fractures, if seen, would show up as darker features most
likely emanating from théorehole A number of features are visible figure 4.213. One

i s a-shapeXpattern across the block. This is an artifact of scanning a rectangular block.
The second feature is a series @ficentric circles in the upper third of the image. This is an
artifact of nonuniform response of a seriesry detector. The third feature is dark lines
extendng from the bottom of the borehole, whigte Xray scanning artifactsincethey are

not seenin the perpendicular scan. Numerous voids are visible (dark patches) from air
entrained in the block formation process. No fractures are observéslgattbf scanswvhich

is consistent with visual observations as well.

Fi g4rlZ2Xray CT scan vertical cross secti
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4.2.2.2 Injecting LN > with Packers

Thermal shock experimentaere carried outon a concrete sample without forced

pressurizationn the borehole. Théblock wasair-curedfor 5 weeks after contained in the
mold for 24 hourstesulting inrelativelylow strength (both compressive and tensile)

4.22.2.1 Test with an Unconfined Packer

Figure 4.214 shows the experimental setthat was used for the thermal shock experiment
on concrete by flowind-N» in the borehole. A spratype insulation is applied for heat
insulation as well as packer sealing. The packer is loosely sitting on top of the bdrshole.
is released from thedvarandflows to thesampleborehole through the vacuum jacketed
tube and insulated stainless steel tubes. The borehole is open to the air throughna vent
warmedGN; flows freely into theatmospherelow pressure about 5~10 psi was generated

due to raml vaporization of.N: inside the borehole and along the transport liDesing the

LN2 injection, kakage was observed at the packer/block interface and out of the insulation.

A set of Swave acoustic sensorseamounted at a location drace 2 and 4 tohonitor the

wave signatures. An oscilloscope and a puseused to generate and record signals.

Figarl2ZExperi mehboal teetuwith unconf.i
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Cracks
Before the thermal shock, nosible cracks near or inside the borehole existed. Several

noticeablecracksare found nearand inside théorehok after the thermal shodigure
4.215).

(b)

Fi garl22r acks observed after theamnmide(mal ashodd
borehol.e surface

However, there were some pegisting micrecracks even before the thermal shock at the
block surfaces due tie natural shrinkage of corete Figure 4.216). The darkspots are

stains from theouplant used fosecurely attachinthe ultrasonic sensors.
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After the testingFigure 4.217), not onlynew crack were generatedbutthe existing cracks
werewidened Particularly there werevirtually nocraclks at the bottonface before applying

cryogen, sme majorcracks are generated afthe cryogenic stimulation.

Before

Fi gdrl2® rex i sstuirfgaceé her saulbperi mposed |l ines are
the crack thickness.

After

Fi g4rl25ur f ace cracks after the thernsal shocl
fraoafmceoupl antsecuecl| fytohmet t naebongc sensors

Temperature
Thermocouples are used to measure temperatures at various locations in the experiment.

Location 2(black)is hunginside the borehol@~igure 4.218).
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Fi garl28 oc at it ditrelse rorhost G @ il Inteeenmp er at ur e. measur er

The spikeshown in the ploten Figure 4.219, Figure 4.220 andFigure 4.221 arewhere
the LN is closed temporarily to reduce pressure inside the boreawlthe packer is not
confined LNz stars to leak from the packer ward the right surface at some point. This
lowersthe temperature athe right surface as shown in the pldtroughout the testhe
temperature differensdetween inside the borehole and theckltaces areobserved to be

large, which ardistinguishal# evenafter 10 hours.
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Fi garl2Xemperature evolution dwuring
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Acoustic signatures
The characteristics of acoustic waves propagating thrdbghmedium @pend on the

mechanical propeadsof the medium. V& would like to knowthedifferencesin theacoustic

signatures before and aftéhe cryogenic stimulation.Acoustic measurementa/ere
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conductedefore and after the test using S and P ultrasonic transdAceusticwvaveswvere
also monitoredduring the cryogenic stimulatioby mountingthe S transducercoustic

sensos to the samplesurfaces

Figure 4.222 shows the dcations forthe acoustic measuremenbeforeand after the
cryogenc stimulation. Acoustic signalsere measured along Faces 1&3 and 2&®r each
pair of faces, the acoustic measurementsre conducted at2 locations We are mainly

interested irP and S wave velocities and amplitudes

Fi garr222coustic measabredmesret and after t her me

In Figure 4.2.23, early arrivalparts of elastic wave signals gnesented with the normalized
amgitude to compare changes in arrival time and waveformsmAst measurement
locations arivalsaredelayed and waveforntmvechanged significantlyThe characteristic

of acoustic signatures approximately correspond to the surfaces.cFamkexample, he
acoustic signals at location 12 tise least changed in terms of arrival time, and we also

observed that the surface around location 1Bda$east cracked due to the thermal shock.

In Figure 4.224, the signds arestill early pars near the arrivals. However, the original
amplitude is kept to compare changes in the amplitudes of the P and S waaraplitusle
measured at most locations for both P and S wave decreased significantly after the thermal

shock (ecept for the location 12).
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Finally, all signals are presented with their full range and original amplitude to compare
global waveformgFigure 4.225). It is observed that global amplitude is reduced and the

global frequency of the signaislowered
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() Before and after: delay in arrivals
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() Before and after: amplitude changes
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4.2.2.2.2 Test with a Confined Packer

In this test, we used the same concrete block that was used férdbecteteestdescribed

in Section 4.2.1.1For this experiment, a special structure is designed and fabricated to
withstand some borehole prass caused by vaporization (~1psi) and subsequent
application of borehole pressurizations (up to ~p8i). A pressure transducer is attached to
monitor borehole pressure, and a scale is used to redbrdonsumption. For safety,av
made sure that top arfmbttom plates which are made of carbsteel are not subjected to

temperatures lower thaB0T sothatit does not reach the brittlbuctility transition point.

Figarr22Experi ment aéplakosceotnufpp nwintgh st ructur e

Cracks

Major cracks were visible from the top of therehole(Figure 4.227). However, there has
been no noticeable change from thetdermal shock. Cracksn the borehole wall were
visible from the borescop@n the other hand, new cracks were generated on the block
surfaces, anche existing cracks werebit widenedFigure 4.228). Therewere relativelya

small number o€racks at the bottommefore applyinghecryogen (after the 1st stimulation)

howevermany new crackeerecreatedsfter the 29 cryogen applicatio.
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Borescope images
Sidel Side2 Side3 Side4
» ]

Image from camera R
taken from the top Top

Side 3

Side 4 Side 2

Side 1

[ ¢ 888
Fi g4r22Cr acks at the bor ethhbdop tvilaeddl ss obper ved

The amplewasscannedisingX-ray CTat the Weatherford Lab at Golden, Colorado. The
maximum resolution of the images from the scann@osliiba Aquilion 64) is
0.3mnmx0.3mmx0.3mm. Thus, th&€T images from the scanner shanly major cracks
Unfortunately,micro crackswereinvisible from thesescanned image3he X-ray images at

the front and back of theasnpleexperienced artifacts called beam hardening as the cubic
sampleenters and exits the-pay field (Figure 4.229).

The CT images show that themre more fractures near the surfaces than inside

animation of Xray slides frononesurface to aothershowsthatthe cracks distribted near
the surfaces diminisiistheymove insidealthough dewindependentracksexist internally
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Fi gar22CT i mages: axis and direction

59



0.4"
from top

Figar328@he CT sl

0.5" from
bottom

Fi g4r32ZThe CT
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Fi g3 he CT sl i-Wei ght t he mi d

Figar328he CT slide at 0.5" away from
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