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1.0 Executive Summary

The National Energy Technology Laboratory (NETL) Office of Research and Development (ORD)

supportghe U.S. Department oEnergy DOE) National Gas HydratResearch and DevelopmeR&D)

Program by providing numerical predictions on gas production activities and experimental estimations of
physicchemical reaction characteristics including geomechanical strength, gas exkhatige, and

hydrate accumul ation patterns in pore space. ORDS®S
NETL-Regional University Alliance (RUA), Oak Ridge Alliance Universitie@ak Ridge Institute of

Student Exchange (ORAORISE), URS Corporath (URS), and URS subcontractors.

Continuing efforts on humerical simulations in Subtask 2.1 include history matching forsh&ikkmi

field test for the gas hydrate exchange trial using Mix3HydrateRe#Sseries of reservoir simulations
wereperformed to model the lortgrm response to depressurizatioaboratory experimentsontinued
particularly in the area of geomechaniaference tests to correct the rubber sleeve effect on mechanical
strength measurementsth hydratebearing sedimesfandCO,-CH, gas exchange kinetiegth

continuous flowing column setuphe two reference mechanical tests with rubbes voete used to

derive the effect afirubber sleeve, which were incorporated into the actual testifMim deviator stress
increasedvith hydratesaturation when the saturationsmaigher than 3Percentand elastic modulus
showed the same pattedmn SMP subloading critical state constitutive modeksdeveloped and verified
using the available data from the literature. Aqation of the model to the NETL tedatais also in
progressPore scale characterization of hydrbtaring sediments usirggnicro CT scanner has been
performed using analogue materials and pore network models have also been developed based on the 3D
micro CT images.

This quarterly progress report provides the list of tasks, status of the majdr accomplishmentand
updates regarding milestone datesearch highlights this quarter include:

1 Based on the Prudhoe Bay UnitPlad hydratdearing sandeposit, a series of reservoir
simulations and depressurization scenani@ge been developaéd model the response of a
long-term depressurization te3ihe reservoir modéias been generalizéo two scenarias
(1) a faultbounded system ar{@) an atticline hydrate deposit. These will be used to simulate a
depressurization test performed under varying conditions for temperature and depth.

9 History-matching of thé & rSiklkmi Field Trial have been conducted using
Mix3HydrateResSim via the visualizatitool, PetrasimA simple 1D CGO; injection scenario
has been developesing both a logarithmic (radial) system and a Cartesian system for
distribution to Code Comparison Participants.

9 After the calibration fothe rubber sleeve effegts t he resul ts of NETLGO6s ge
the noncementing HBS samples were compared with otherceamenting HBS results ey
Japanese grout]. NETLOs resul t s, particularlymafompres:
data, appeared to be inafd agreement with Japanese results.

1 The modification ofinacoustic sensor unit was completed and examined with the HBS sample.
With the addition o backing layer, the -8/ave appeared distinguishable with resgjtin
reductions in crystal ringing.

A non-cementing hydrate formation test was completed for the-iabaratory comparison study.

An SMP subloading critical state constitutive moalesdeveloped and verified using the
available data from the literature. Application of the model to the NETlistesto in progress.

1 Alaboratoryscale production testising CQ-CH, gas exchange techniqueasperformed for
500 hoursThe cumulativeecoveryof the CH, from CO, and N, injectedwith CH,-hydrate
bearing sediments with the presence of free wegached up to 3percentwhich is

1-
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significantly larger than the estimation from previous batch tests, but lower than expected base
on literature value (up to 80 percerthe presence of free water in the pore sgapgorsthe
lower than expected CHeovery rates.

1 An optimum parameter set for scanning hydsaéeersand mixture with micro XCBD was
identified from the CT scan with analogue samgleduding plastics and corn oifthe arrent
parameter setvas derived fronthe images taken witthe aluminum core holder and beryllium
core holderwhichprovidel better image quality due thelower x-ray attenuation.

9 Lattice pore networkvasdeveloped to simulate the effect of hydrate habits and topology in pore
space on hydraulic conductivityhe 3D pore network has also been extracted from micro CT
images, bsed on rollingball algorithm.

References:

Ebi numa, T. , Kamat a, Y., Mi nagawa, H. , Ohmur a, R.
of Sandy Sedi ment Co nPrazeéedmgs ofgheSiheetnhtianal €onfdrgrtecat e , 0
Gas Hydrates (ICGH 2005)rondheim, Norway, June 116, 2005.

Masui , A, Haneda, H., Ogata, Y., and Aoki, K., #fAE
Strength of Syntheti c Pideedigaoafthe {BntednatiaraleffsBozed i ment s ,
and Polar Engineering Conference, Seoul, Korea, Jui2d 12005.

2.0 Goals and Objectives

The NationalGasHydrate Research and Development (R&D) Program has worked to accelerate the
determination and realizatanf gas hydratebds resource potenti al a
hydrate in the environmenthis Gas Hydrates Research project has been developed with a diverse set of
research activities, performed by the LD&E, NETL-ORD, and thdRUA, to fill multiple needs within

the National Gas Hydrate R&D program. The objective of the research project is to obtain pertinent, high
guality information on gas hydrates that will benefit the development of models and methods for
predicting the behavior of ganydrates in their natural environment under natural conditions and
production scenarios. NEFTORD supports major gas hydrate production field tests by providing

numerical predictions on fluid migration, gas production, and potential reactions occumimy ghs

production activitiesas well asby providing fundamental understanding and knowledge on hydrate
behavior derived from experimental investigations on thermal, hydrological, geomechanical, and reactive
responses of hydrate. The proposed reseamchists of numerical modeling effariscluding

9 Simulationsoflongg er m production tests and internationa
Sikumi test

1 Laboratory experimental tests on geomechanical measurements

1 Gas exchange kinetics and mechanissiste

9 High resolution visualizations of hydrate distributions in porous media

1 General assistance and participation on domestic and international gas hydeats rexse

development activities
3.0 Technical Highlights, Results, and Discussion

The currenprogress of the work completed in F¥Q2 is provided belowFor each task and subtask, a
detailed description is providddr the accomplishmentsis period changes in approacproblemsor
delays, changes in key personnel, and technology transfdtiastand products produced.
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Task 1.0 Project Management and Outreach

This project is technically managed by the ORD Focus Area Lead (FAE)FAL provide overall

technical direction and guidancettee NETL-RUA research task3his project ismplemented by a
Technical CoordinatofT(C) who provides the dato-day technical and administrative management of the
Field Work ProposdaFWP) tasks.Problems that arise during the execution of the various tasks will first
be addressed by the TC, andécessary the problem will be elevated to the attention of the FAL for
resolution If the support othe Strategic Center falatural Gas and O{SCNGO) is needed to resolve

any research issue, the FAL will do so during periodic meetings with tR&ST echnology Manager
(TM). Issues of a more administrative and reporting nature will be resolved with the FWP Technical
Monitor (TMo).

Accomplishments this Period:

The project management activity produces internal and public reports required to demonstrate
competent technical and administrative execution of the project. Deliverables submitted and
accomplishments met during this activity period are as follows:

1 The FY14Q1 report was submitted to SCNGO on January 31, 2014.

1 Regular monthly task and subtask leyeup meetings were conducted among DOE,
URS, and NETERUA personnel.

1 Monthly invoice reviews were conducted prior to the ORD approval of the invoices.
1 Milestone and deliverable status were monitored and updated.

Changes in Approach:

Nothing to report dring this activity period.

Problems or Delays:

Nothing to report during this activity period.

Changes in Key Personnel and Partnerships:

Nothing to report during this activity period.

Technology Transfer Activities or Product Produced:

Nothing to reportluring this activity period.
Task 2.0 Reservoir Simulation of Gas Hydrates Productiofrield Tests

Obijectives

1 Provide modeling predictions utilizing current capabilitiesgast and futur@otential field tests
including a longterm depressurization test the ANS and the ConocoPhillips &OH,
exchange test. Modeling results will be compared with available field data.

T Coordinate an international e f,-Cld, excharfgetest anch e
crossvalidation of theparticipatingreservoir simulation codes using test data sets and data from
the 1 &ni k Sikumi test.

Scopeof Work

Simulations offield tessin the ANS are designetb test the efficacy of usingepressurization ardO,
injectionas a means taitiate gasproductionfrom Arctic hydrate deposits belave permafrost. The

-3-
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shortterm goal of this task is to provide modeling predictions for future potential field tests (e.g.
long-term depressurization test) and to analyze and extrapolate-engeresponses from ratdield
tests (e.g.ConocoPhillips C@CH, exchange test).

Accomplishmentsthis Period:

Subtask 2.1Simulations of Long-Term Production Scenarios: Depressurization and CQ
Exchange

Various reservoir simulation scenariosodeled after the Prudhoe BayPlad hydratdearing
sands as well as, 2D simulation scenarios modeled after the Mount Elbert deposit for various
Site2 temperatures and depthsyve been performed. féill 3D realization of the Mount Elbert
deposithas als been constructeth the coming monthsvork with the DOE and USGS to
identify sites for future test simulatiomsll continue.

Dipping Structure, Fault-BoundedUp Dip (Similar to PBU L -Pad)

The modekhown inFigure 1was built from a 5 ft intervadontour dataavailable from USGS,

and is an extracted sub model from a parent model shofigtine 2 The model is bounded in

the west by a system of vertical faults, which almost form alegeclosure and in the east by
the hydratevater contact at® m (2248ft). The northern and southern boundaries were chosen
as guided by the fault system in the west boundary.

The sub model grid measures 950,800 x 45 m and is divided into 30 x 50 x 80 simulation grid
blocks in the x, yand z directiog, resgectively.

Due to the complexity of the hydrate dissociation process, grid refinementsangpéetedn the
region of high hydrate saturations and also in regionsthearellbore. These were done such
that the effective radius of theellboregrid was 06 m (smallest possible, to guarantee simulation
convergence for this systemjidthe thickness of the high hydrate saturation layers0.43 m

while other layers had a thickness of 0.87 m.

File; C_Filtered Con|
User: Tawo
Date: 3/11/2014

27X 7.00:1

Figure 1. Extracted sub model showing initial hydrate distribution and hydrate water contact.
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Northern Boundary
along a line of the

S

along a line of the
western fault system

Hydrate Water
West Fault Contact Boundary

Boundary
Extracted Submodel of the Target Area

Original Reservoir 3D Structure
Figure 2: Extracted model of thetarget area.

Models were run for different scenarios witHl06,1 & rSikkmi, and dummy wells Well and
Well-2 with only one well producing for each scenario. Wei$ a vertical well down dip of

| érSikkmi and WeH2 is a deviated well which penetrates the C1 sand further down dip on the
Prudhoe Bay tPad.Figure 3a)through(c) are the vertical cross sections of the model showing

the locations of each of these wells.
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(@)

(b)

()

Figure 3: Vertical crosssectionsof the modelwith wells.

Simulation Results and Discussions

Comparison of the ggzoduction rate profiles is shown kigure 4 A significantly higher gas

rate is observed for the deviated W2lkhs expected because it has the highest hydrate contact and
penetrates the C sands in the deepest and warmest part of the reservoirnétothine fifth

year, 48,000, 19,400, 19,0Gthd 17,450 ritday of gas productiowas achieved for WelP,

| & rSikkmi, L-106 and WelLl.

The initial rate wa higher in 106 than g rSikikmi and Welll. Thiswas becausen the early
stagef testing the L-106 ha more contact with hydrate and so initially, more gas
produced in E106 than & rSiklkmi and Wel1.
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After a while, the contribution of gas from the C2 sand vauisinel the effect of the warmer C1
sands tengldto become more prominent ing rSikkmi and WeHl. Thiswas also explainetly
thechange in hydrate saturation distribution with timspresented ifrigure 5 for L-106 and

| & rSikmi.

Overall, the results shadthat the gas production ratasnotonly a function of the depth
(temperature) of fanation but of how much hydrate s contact with the producing wells.

Comparison of Gas Rate Profiles

50,000
./"-’ --------------------------
40,000 ---------mmmmeemee e """""""""" ,"J """""""""""" """""""""""" 77777777777777777
_ /'J‘/ I
= - | |
3 P/ ‘ 3 I E
o3 30,000 -----mmmemmmeeenene e F T pro
E 3 i i
7] S :
o Y 3
g 20,0004 ;
« :
@ ;
S , |
10,0004
0+ T T | T T
0 1 2 3 4 5 6
Time (yr)
L-106
————————— Ignik Sikumi
------------------ Well-1
R Well-2

Figure 4: Gasrate profiles.
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Ignik Sikumi

Ignik Sikumi

Figure 5: Vertical variation of hydrate saturation distribution with time.

The gradual expansion of the hydrate dissoaidtiont away from the wellbore was noticeable. It
was observetha C2 disso@tes more readily than C1t e end of the first yeathe L106 well
was still producing from the C2 sdwhich supports the earlier explanation of the initial higher
rates observed from L106.

Fault-Block Structure for Site 2 Evaluation (Similar to Mount Elbert)
Model Description

The Site model is a deeper (hence warmer) versitme@D MountElbert Model. As shown in
Figure 6 the grid structure vgaessentially theame as that of Problem 7a. Itsaacylindrical
grid system with a vertical production well betaxis of the cylinder. There vee80 cells
distributed logarithmicallyalong thewellbore radius () = 0.111m to r = 450 m.

A total of 50 cells, each haviragthickness of 0.25 m, represedthe hydratebearing layers of
the model. Each of the overburden and underburden stdhéedigision of 10 layers with
thicknesgsranging from0.25 m to 70 m from center to periphery as defined by the equation
dz = 1.694831z.;.



Fiscal Year 2014, Quarter 2 Progress Report Natural Gas Hydrate Researc
January 1, 2014 March 31, 2014 FWP NumberHydrates2013.07.02

i~ Overburden Shalg0

;*Hydrate Bearing Sand

~ Undeburden Shal¢70

Figure 6: Cylindrical grid structure of Site 2.

Since the depth of hydrate formation in Site 2 is not yet known, various models with different
depths (to the top of hydrate formation) were run for 620, 67Q,ar2D770 m.

Corresponding gssure and temperature variation in the grid were linearly extrapolated from the
2D MountElbert model using an averageessure gradient of 9.98 kBaand a tmperature
gradient of 0.036 K.

Temperature ranges for each of the modaie:
1 620 m (5.2 5.6°C)
1 670m (7.0 7.4°C)
1 720m (8.8 9.2C)
T 770m (10.6 11.C°C)

Each of these models was run starting with a well betiota pressure of,460 kPa and then
decreasdgradually to 2700 kPa just as in Problem 7a.

Simulation Results

Gas rate profiles dhese models were plotteddacompared to that of the 2D MouEibert
model as showin Figure 7

As expected, higher gas ratgere achieved witranincrease in depth (temperatures), with peaks
at 88,428, 62,560, 37,998nd 22,750 ﬁiiday, respectivelyThis suggestthat Site 2 may be a
more favorable production site than the Prudhd®all, in terms ofjlas recovery potential only. It
was also observed thpeaks wee reached early in the warmer models compared to the colder
ones.
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Comparison of Gas Rate Profiles at Various Depths
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Figure 7: Site 2gasrates atdifferent depths (totop of HBS).

Subtask 2.2International Code Comparison Problem Set Based ondaik Sikumi
Problems dveloped for the international code comparison:
Problem 1

A horizontal, 1D domain 2fh in length wa considered in which onlwaterCO, system wa
considered in the entire domain. Tihain objective of this problem wao study the mass and
heat flow in a porous media in a 1D domain consisting©®,-water systemit was a two
component, twephase gstem.Physical and hydrological parameters of the domain are listed in
Table 1 andrable2. High pressure, temperature gradients and complete aqueous saturation
conditionswerespecified in the first 10 blocks, and aqueous unsaturated conditions irxtl®ne
blocks. As the simulation pceeded, equilibrium conditions veereached in the entire domain
due to mass and heat flow in the domain.

The schematic of the domain used is showgire 8. Considering as the horizontal distance,
the pressure and temperature at three different locatiefis10, 20 m) wee specified. The sae
properties for other blocks wecalculated based on their gradients in the horizontal direction.

Absolute permeability used wa, 000 mD.

(20,0, 1,0, 1,0)

P=5MPa 10 m P=4.8MPa 10 m P=4.6MPa
T=5°C T=15°C T=25°C

Figure 8: One dimensionaldomain considered forProblem 1.

-10-
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Table 1: ParametersUsed inProblem 1

Parameters ’ Value Used
Porosity 0.3
Density 02650 Kg/m®
Thermal Conductivity 2.0W/mK
Specific Heat 750 J/kg K

Pore Compressibility

5.0x10%° pat

Table 2: Parameters for Relative Permeability and Capillary Pressure Functions

Results

Relative Permeability ’ Aziz and Stone Equation
Sira 0.15
Sirc 0.05
n 3

Capillary Pressure

‘ Van Genuchten Function

SirA 014
n 1.84
V] 10

The profiles of aqueous saturation, temperatame pressure of the domain are obtained for
different time stepsirf Figure 9the profiles are shown for 1 day, 10 days, 100 days @@d 1

days)

1.00

Aqueous Saturation
o
3

0.20

N

Ba

Distance (m)

14 16 18 20

—1 day
—10 days
——100 days
=—1000 days

»)

Figure 9: Aqueous saturation profiles at different time steps
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/ 1 day

ST 10 days
10.00 ——100 days
—1000 days

Temperature (°C)

0.00

0 2 4 6 8 10 12 14 16 18 20

Distance (m)

Figure 10: Temperature profile at different time steps

Discussion

As per the problem description, there is only agueous phase present in tieffvssthe domain

and unsaturated conditions (Aq and G phases) are considered in the second half. Over the period
of time, due to mass transfer, water femlfrom one part to the other.sfshown in Figure 9y

the thousandth day, aqueous saturatiaim@fentire domain reacti@early 0.7 and hence,

equilibrium is believed thiavebeen reached in the reservoirhis reasoninglsoapplies to

temperature change in the reservDine to heat transfer, thermal equilibrium is reachethby
thousandth day, kich is fortified by thd=igure 10, in which the temperatuief the entire domain

is at 16.8C.

Problem 2

This problem uses the same gridPasblem 1. The major difference between these two problems

is that here in the first half of the domain hydratagghis considerg@igure 11) Hydrate

dissociates mainly due to thermal stimulation provided from the second half of the domain. The
hydrate dissociation is simulated using an equilibrium model. The system used in this model is
waterCO,-hydrate.It is aliree component, three phase system.

(2000, 1,0, 1,00

10 m 10 m
T=3.C°C, P=3.8MPa T=25.0C, P=2.7MPa
$,0.6,570.4 §,,~0.4605263;=0.539474

Figure 11: Schematic diagram used foProblem 2.

The mrametersised in Problem @rethesame as that d¥roblem1 listed in Table 1 and@able 2
Results andDiscussion

Initially, thermalstimulation and depressurization cadibgdrates to dissociate, but laterthe
testing,thermal stimulationwas the only cause for hydrate dissociat{Bigures 12hkroughl4).
Hydrate formatiorwas observed after 100 daysegFigure 1) along with diseciation due to the
movement of released G@as from the other half of the doma#s shown inFigure 15
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(temperature profiles), frotmethousandth day, the temperature remained constant in the entire
domain, but from saturation figures it is evident tifie hydrate in the domain did not dissociate
completely. In the first half of the domain, AGH phasss observed. As Mix3hydrateResSim
assumethat the hydratés a ternary hydrate in the reservoir, trace amounts Q@& N

hydrate formations may alsake place.

0.80
0.75
0.70
§ 0.65 —
5 oo 47\ N
“n: 055 \ / JV\ ] _m:‘zys
3
Wi — o
o — ays
< s \\_// \ / — — 10000 days
N
0.40
0.35
0.30
0 2 4 6 8 10 12 14 16 18 20
Distance (m) ]
Figure 12: S, profiles for different time steps
0.60
0.50 ——
=
: I
0.40
: g i
g 0.30 —10 days
(‘D‘G / / 100 days
0.20 —1000 days
——10000 days
0.10
0.00 /——/

0 2 a4 6 8 10 12 14 16 18 20
Distance (m)

Figure 13: S profiles over the period of time
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0.60

0.50

Ay

W =

Vi e
|

— 10000 days
0.00 \ \

0 2 4 6 8 10 12 14 16 18 20

—1 day

Hydrate Saturation

Distance(m)

Figure 14: S, profiles at different times.

25.00

20.00

/ —1 day

15.00 / —10 days
/ / 100 days
10.00 // ——1000 days

Temperature (°C)

——10000 days
/i

i

0.00

0 2 4 6 8 10 12 14 16 18 20
Distance (m)

Figure 15: Temperature profiles at different times.

Changes in Approach:

For Subtask 2.1, a contingency appro&chimulation sitefias been takehe exact location of
a potential longerm depressurization test site is yet to be d&texd, and thus simulations of the
Prudhoe Bay tPad hydratdearing sandkave proceeded hese simulationwill be quickly
adaptable to other test sites as identified.

Problems or Delays:

Nothing to report during this activity period.

Changes in Key Pesonnel and Partnerships:

Nothing to reportluring this activity period.

Technology Transfer Activities or Product Produced:

Nothing to report during this activity period.
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Task 3.0 DevelopingConstitutive Models of Various Hydrate-Bearing Sands
Objectives

This task will fulfill two objectives:

1. Develop constitutivenodelsfor various hydratédearing sedimentsnder in situ overburden
pressure and temperature conditions

2. Provide a rational basis fanodeling angredicting the geomechanical behavior andibtalof
hydratebearing sands in the field during gas production (using depressurization and gas
exchange)The results of this task will aid in understanding the behavior of hydeaeng
sediments under gas production and will provide insight thaagsist in optimizing the design
of future production operations.

Scope ofWork

This work will implement and test the constitutiaevs of the hydratébearing sands developed in 1
based upon NETL laboratory testhie constitutivédaw will be utilized to predict the geomechanical
behavior othydratebearingsediments under gas productiglissociation or gas exchangédditional
laboratory tests will be performed to measure mechanical parameters of the sediments with various
conditiors such as binary hydrate mixtures during gas exchange prébesanstitutive lawwill be
implementednto a geomechanical analysis cpdad this code will work with a multiphase flow code

Accomplishmentsthis Period:

Sub-subtask 3.1 Laboratory Measurements of Geomechanical Strength and Deformability

The results ofhegeomechanical test on the noementing HBS samples, calibrated for the
rubber sleeve effects, have been compared with otheceroenting HBS results, particularly by
Japanese group ihis reportAs shown in Figure@.(as an example), our compressive strength
(max. deviator stress,,g) data are generally in good agreement with Japanese results, by
following the trend of strength variation with the effective confining strelg§i( the range of

0.69 to 3 MPa. Both data also show that thg increases with theMjand no significant
increases in ghy below the hydrate saturation,f ®f ~30%, which corresponds to the point where
the hydrate formation habit changes from giiltimg to loadbearingMore comparison works

are currently being conducted with similar experimental results from other research group
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Figure 16. Maximum deviator stressversushydrate saturation at various noncementing hydrate
saurations (comparison between NETL and Japanese data).

The madification otheacoustic sensor unit has been completed and examined with the HBS

sample A backing layer, made of mixture of tungsten powder and epuas/attached on top of
each of Pand Swave crystals for damping and attenuation of ringing in the crystal (Figiwre
The influence of addingbacking layer is pronounced particularly fan@ve signal. With the
backing layer, the -8/ave can be distinguishable with its noticeably large dogsi (Figurel8).
The precursor of #vave that always arrives first preceding thev&sewas also noticedr his
P-wave precursor possibbccurreddue to the imperfect polarization ofsgnsor in the radial
direction.Figure 19 confirms that the first aiwing wave detected by the@ystal is

P-wave; the arrival time aheprecursor wavedetected by ®rystal matchel that ofthe P-wave
detected by frystal.Wave analyses are being conducted to investigate the variatiemod IS
wave velocityduring hydrate formation habit change, as a paandfiter-laboratory study with

USGS and CSM.
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Drill thru for 1/16™-tubing port

Backing layer ; ;
=1 | : Hi kS
sl | 1 ll ?
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crystal

S-wave P-wave
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Figure 17: Acoustic sensor unit modified with adding backing layers.

Figure 18 Comparison of S-waveforms without and with backing layer
for cementing HBS samples ($= ~ 4556%).
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