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Abstract
A numerical experiment was carried out to test whether the patchgi@iSsion patterns observed

at the ZERT release facility are caused by the presence of p#tikiedsvide the horizontal injection
well into six CQ-injection zones. A three-dimensional model of the horizontal well and cobble-soil
system was developed and simulations using TOUGH2/EOS7CA were carriesimuiation
results show patchy emissions for the seven-packer (six-injection-@omigguration of the field
test. Numerical experiments were then conducted for the cases of 24 pa8kejsction zones)
and an effectively infinite number of packers. The time to surface breakithaodghe number of
patches increased as the number of packers increased suggesting that packsosiabedsalong-
pipe flow are the origin of the patchy emissions. In addition, it was observeshthabreakthrough
occurs at locations where the horizontal well pipe is shallow and installed nmostly iather than
the deeper cobble. In the cases where the pipe is installed at shallow deptinsciydn the soil,
higher pipe gas saturations occur than where the pipe is installed dligbfgr in the cobble. Itis
believed this is an effect mostly relevant to the model rather than theyslem and arises through
the influence of capillarity, permeability, and pipe elevation of the soil caedpa the cobble

adjacent to the pipe.
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Introduction

The main challenge addressed by the geologic carbon sequestration regasunitoring
community is how to detect small G@eepage fluxes and anomalous concentrations in the presence
of relatively large natural background fluxes caused by biological proogsgeldenburg et al.,
2004; Lewicki et al., 2005; 2007; Leuning et al., 2008; Cortis et al., 2008). The Zero Emissions
Research and Technology (ZERT) project established.asB&low-release facility on the Montana
State University campus to carry out experiments aimed at developialildges and testing
approaches for detecting and monitoring potentiaj S€@page (Spangler et al., this issue). The 100
m-long horizontal well installed at the site was designed to model a line soleegade from a

geologic carbon sequestration site such as could occur along a letiky fa

One of the first observations from the experiment arising from carefulumnemasnts of Cflux

using the accumulation chamber method was that emissions were patchy (iessexXas localized
high-flux regions) above the horizontal well (Lewicki et al., 2007; Lewithil ¢ this issue; Spangler
et al., this issue). This patchy nature of;@issions flux persisted over two field seasons with
little change in patch location. In this study, the origin of the patcligsem pattern observed in
the experiment above the nominally horizontal well was investigated. $pégjfnumerical
experimentation was used to test the hypothesis that high-flux regitresgabtind surface are
caused by relatively long slightly sloping runs of perforated pipe in whichflo@s slightly

upward until encountering a packer, at which point it enters the cobble-soil systlemgrates
vertically upwards with little lateral spreading, to produce a gergisocalized area of high GO

flux, i.e., a patchy emission pattern.
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Background

Observation

Background and overview of the ZERT release facility and related resetikcties are described
fully in Spangler et al. (this issue). The focus of this paper is on numericainegpts that
investigate the origin of persistent localized emission regiongedfto as patchy emissions. The
intriguing motivation for this study is illustrated in Figure 1. Figure 1b shtw elevation of the
nominally horizontal well with large vertical exaggeration to amplify tB® @ maximum vertical
deviation over the 70 m of horizontal injection zones. Also shown are the app®iocetions of
the seven packers that separate the perforated pipe into the six zondsicht CQ was injected
through tubing. In addition, the figure shows vertical dashed lines that higlhieggbpatial
relationship between packer locations in Figure 1b and sailfld®©maxima measured using the
accumulation chamber method along the surface trace of the well (Fig§teed@ki et al., 2007).
A strong correlation is observed between packer locations and the gagleynission pattern at
the ground surface. This observation led the ZERT team to speculate that thie pladkeflow
within each packed-off zone of the pipe and create effectively a local poinesuCE) injection
into the formation which then creates a persistent emission-flux and coticerti@ spot at the

ground surface.

Hypothesis

Formalizing the observations of patchy emissions and their presumed caussedistis/e, one
can propose the following testable hypothesis: the tG&X is injected into each zone of the well
flows within the pipe upward by buoyancy forces along the slightly slopingrviidéd sections of

each zone until it encounters a packer, at which point it accumulates andhilough the
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perforations of the pipe into the cobble-soil system effectively formlogad point source of
gaseous C® Because the pipe is below the water table, the gas migrates vecma#yds initially
through the porous sediments strongly by buoyancy force and retains itsifiouspattern all the

way through the vadose zone to the ground surface.

To test this hypothesis, numerical experiments were carried out uirgeadimensional (3D)
model of the ZERT release facility. The Base Case model considegstemas it is installed with
six packed-off zones. An alternative scenario was simulated with 23 packed-&f(@ase 1), and
with effectively continuous injection from the pipe into the formation (Case 2). Baliesé
alternative scenarios reduce the amount of along-pipe flow that can occufemtistedy reduce or

eliminate the point-source geometry of the release.

Methods

Numerical Simulation

To carry out the numerical experiment outlined above, the multiphase and multicomponent
subsurface transport simulator TOUGH2 (Pruess et al., 1999) was used withAQ@Sé€earch
module that models the chemical components of interest here, namely watean@@ir (e.g.,
Oldenburg and Unger, 2003; Oldenburg et al., 2009). TOUGH2 solves implicitly the time-
dependent coupled flow and transport equations arising from the integral finiterdifenethod.
Non-linearity is handled using Newton’s method, and the large set of linearoaguatising at each
Newtonian iteration is solved using a sparse conjugate gradient solver. @muoeeigensured by
the use of a residual-based convergence criterion at each time step. Talskenisghe equations
solved in TOUGHZ2; full details of the methods used in TOUGH2 can be found in Prukss et a

(1999) available online at the TOUGH2 website. Note the energy equation is onoitte@able 1
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because isothermal conditions are assumed in this study. TOUGH2/EOS7Cignedésr near-
surface applications and uses Henry’s Law for modeling €otbility. Other TOUGH2 modules
(e.g., ECO2N (Pruess, 2005) and EOS7C (Oldenburg et al., 2004) are available fabdadpce

(high-pressure) systems.

Model System and Discretization

Prior simulation studies of the ZERT shallow-release facility (Qlddeg et al., 2009; Spangler et al.,

this issue) used a two-dimensional (2D) cross-section model (perpendiculapippehlenown as
the transverse model. These prior transverse model simulations were appbawaatse of the
long sub-horizontal dimension of the pipe and they were useful for estimatihkghiboegh times,
surface fluxes, and the degree of lateral spreading. For this study, aitesting the hypothesis
that variations in the pipe elevation are the origin of patchy surface emissiongitadinal (along-
the-pipe) geometry is needed. Furthermore, because the fundamental obserttadigncaind
surface is of patchy emissions, discretization in the transverse @irectilso required resulting in

the need for a 3D grid.

A conceptual model of the longitudindl plane (vertical cross section) containing the pipe is
shown in Figure 2. As shown, the system consists of a gently sloping ground éyndaoent
~1.7% downward to the northeast) with a 1.2 m-thick soil layer underlain by a cobblwszwvas,
2006) referred to here as cobble. The water table fluctuates seasonally and israeddxere to
be at the level shown in Figure 2 consistent with its location during the summaErsexperiments

have been carried out. Properties of the soil and cobble layers are given in Table 2.
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The full 3D grid was generated using the WinGridder package (Pan, 2008). degresigned

to capture the details of the release ob@Om the horizontal well. Assuming for convenience that
the release is symmetric about the centerline of the pipe, a grid wasictatstor the region to the
northwest of the pipe. It is assumed further for simplicity that the topogeapghgoil and cobble

layer properties are invariant in the horizontal direction perpendicular pbe The discretization
developed represents the horizontal well and its elevation variations in detalastsy thexXY

(vertical plane) cross section containing the pipe shown in Figure 3. Note in Bithakethe pipe is
fully within the cobble material in the southwest (SW, left-hand side) and at theeesbbinterface

or within the soil on its northeast (NE, right-hand side) end. The 3D grid okt replications

of the grid shown in Figure 3. Though the pipe discretization is replicated in ¢lc&atr

perpendicular to the pip&{direction), there is no pipe material in the model anywhere except in the
plane aZ = 8.975 m (the mirror plane) and cobble or soil is specified as appropriate even where the
discretization mimics the pipe geometry. The resulting 3D grid is shownuneFHgwith

independent scaling of the three axes Rdirection connections are not shown). Note the fine
spacing of theXY planes near the well intended to capture the details of processes near the well
while the plane spacing increases away from the well where the influetieeinjection is much
smaller. Observations of the flux pattern from the 2007 release experiment guidédioa of the
variable spacing of the multiple vertical planes and the extent of the systeenglieular to the

pipe. EachXY plane contains 4779 grid blocks; there are 11 planes for a total of 52,569 gridblocks

and 147,486 connections.

Boundary conditions are no-flow at the bottom and atmospheric conditions at the &gemnégad by

elevation-dependent pressure that is constant with time. Thed@entration boundary condition

7 Rev. 6.0
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at the top is mass fraction in the aqueous phase equal to 5.76whibh corresponds to a gas-
phase concentration of 380 ppmv and is also the initial condition throughout the systende$he si
(X=0.0and X =96.5 m) are closed (no-flow boundary condition), while conditions at tbérrear
plane Z = 4.5 m) are constant with time and equal to the initial condition. TheXiplane Z =
8.975 m) is a no-flow boundary and serves as the mirror plane of the symmetricsysbelei. All

simulations are isothermal at 5.

Flow Properties of the Materials

The properties used for the two layers (soil and cobble) are given in Table 2a@agiissure and
relative permeability characteristic curves were approximated/éoaghigher capillary pressure in
the presumably finer-grained soil than in the cobble for a given liquid saturation. Diséypof

both layers was set to 0.35, while the permeabilities of the layers wegeeasbased on a
calibration from an earlier release (see Oldenburg et al., 2009; Spargjlethes issue). Rainfall
infiltration was set to zero as the ¢f@leases from the horizontal well were carried out in summer
months for which there is little precipitation. The steady-state graajtitlary equilibrium moisture
profile used as the initial condition is shown in Figure 5. Note the dry region axoud® m,Y =

8.7 m which arises from a capillary barrier effect (local region of hgghdisaturation above lower
liquid saturation) that develops in unsaturated systems where finer-graatextiais overlie coarser

materials (e.g., Oldenburg and Pruess, 1993).

The pipe was approximated as a high-porosity and high-permeability porous nvathuow
capillarity. This assumption clearly does not allow a rigorous modeling efweH flow processes,

but will capture the key effect of faster flow and transport of @ithin the well and stronger
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capillary suction of the formation than the pipe in unsaturated conditions. Thiscal as one

aspect of the hypothesis being tested is that along-well flow glaC€umulates against packers in

the high-elevation regions of each packed-off section. As shown below, the psaufefds® in the

well are believed to be adequately modeled using the porous-medium approach. | Tijedttan

rate of CQ into the pipe is 100 kg/d distributed evenly into each packed-off section and divided by
two to honor the mirror symmetry of the system. Note that not all zones are #hésgth and
therefore this injection specification differs slightly from that in tle&fexperiment which injected

the same amount of G@er unit length. This difference does not affect the conclusions of the

numerical experiments presented here.

Results
The basic flow and transport processes involved in the injection ph&ath the water table into

the cobble-soil system at the ZERT release facility have already beeibeed (Oldenburg et al.,

2009; Spangler et al., this issue). To summarize briefly, injectedi@Odisplaces water in the
saturated zone and forms bubbles which then move upwards by buoyancy into the vadose zone. T
buoyancy driving force in the saturated zone is sufficiently large to @&kenove upward without
significant spreading. In the vadose zone, &Q@he dense gas relative to air and therefore tends to
spread out, especially in the unsaturated cobble, as it moves upward by presieint fgraes.

Below are presented results of the testing of the hypothesis of the pagkepbpatchy emissions

for the 3D system, and some observations about moisture redistribution as injegtrddi€s

unsaturated conditions.

Figure 6 presents a 3D view of results for the Base Cdse&atays of the mass fraction of €@

the gas phasé(&coz). This figure shows the right-hand (northwest) side of a symmetric system w
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patchy emissions on the ground surface (approximated as a uniformly sloping)suffiae first-

order observation is that the Base Case model is able to produce, at leasivglyglpatchy

emission patterns similar to those observed in the field. The overall averagareteCQflux att

=9 days is 1.8 x I0kg m? s* (1500 g nf d*) while the modeled average flux is 2.2 x°1@ m*

s (1900 g nf d¥). The modeled mean fluxes along the projection of the pipe at the ground surface
are presented in Table 3 (see also Lewicki et al., 2007). Note that this egrézoonsidered

adequate for purposes here, and system properties are not altered from thos©lasstburg et

al. (2009) to match the measured fluxes. From this point of qualitative match ofanddesid

systems, a numerical experiment may be conducted to test whether paaten laed along-pipe

flow are the cause of patchy emissions.

The first experimental case (Case 1) considered is one in whichatleelieur times as many packers
as actually installed. The idea is to test the possibility that more padkenseate more patches.
For convenience, results are presented for mass fractionah@ia gas phase only in the plane
containing the pipe, although all of the results presented are from the fulb8&l.n5hown in

Figure 7 are results for the Base Case (six zones) and Case 1 (23atdnedimes = 0.06, 0.5,
1.0, 1.5, and 2.0 days). In the Base Case, there is an early breakthrdugflam, followed by a
breakthrough aX = 84 m. Both of these breakthroughs occur at the upper ends of packer sections
suggesting the hypothesis that along-pipe flow of @l subsequent blocking of flow by the
packers produce essentially point-sources. At these locations, the pipevisrglsiballow. Other
point sources produced by packer locations create additional patches of higmiS€lons later in
time. Itis speculated that the breakthrougK at84 m (Zone 1) is not as fast as the on¢at61l m

(from Zone 2) because it has no neighboring zone to the right-hand side and therefarg does
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receive any lateral CQlow as occurred at the Zone 2-3 packer. Finally, note that the injecfion at
> 61 m is into pipe that is within soil, which has larger permeability than cobbleeamatetd by
calibration (Oldenburg et al., 2009; Spangler et al., this issue). These faatoesy peoximity to
surface and pipe installed in high-permeability soil, appear to play a roleeatlydreakthrough.
The patchy emission pattern appears to result from the packer blocking glerftppi and causing

an effective point-source release.

Results for Case 1 (23 zones) show some of the same behavior as the base,tasdeagay for

early breakthrough &€ = 61 m and 84 m. But the Case 1 results also show clearly the tendency for
multiple packers to produce multiple point sources as evidenced by the numereuskenGQ

plumes generated by each packer. From this result, the hypothesis of a pgokef patchy

emissions is confirmed.

The hypothesis is further tested by running a Case 2 with effectimalyfinite number of packers in
the pipe. Tthis condition is achieved by setting the horizontal permeabiltig pifie to 18° m?
(effectively zero). Results are shown in Figure 8. Comparing Figures& simalvs that the more
packers used, the less pronounced are any given upward-flowing plumes lodc@0se each
effective point source is weaker. However, the proximity of the pipe to the grodadesstill
produces early breakthroughs (e.gXat 61 m), and the effect of injecting into pipe that is
embedded within the soil in the model is to create an area where early breakthrodgipendent

of packer location or number.
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Patchy emissions in the field experiment were persistent throughout tbéspefrinjection. In the
model, the patches tend to merge more than in the field experiment. Figure 9 pessdistat = 5
and 9 days showing more merging but also persistence of some patches fsdligaBe. This
greater persistence of patches in the field suggests that theretaresfea processes in the field that
are not captured in the model. It is speculated that the model system may hgee lzolazontal
permeability than the actual site, especially if the high permeabilitecsoil is due to cracks which
would tend to be subvertical. The implication of these results for actual GCgseepaitoring

and modeling is that persistent patchy emission patterns may be the expeutetideepage at

GCS sites under similar conditions where unexpected low-leveh@@ation to the near-surface

occurs.

Finally, there are some observations of moisture evolution in the 3D systenethatrthy of note.
The initial moisture distribution in the 3D model changes in two ways asd@Qected. First, C®
injected into the pipe increases £0ass fraction in the aqueous phase and eventually exceeds the
solubility limit causing two-phase conditions with £€@as displacing water. Second, once
unsaturated conditions develop due to,@@ection, variations in capillary suction properties of the
pipe and adjacent materials affect moisture retention and gas-entry jgop@&rtiese differences
appear along the length of the pipe as shown in Figure 10 by the different liquadisatupresent

in the pipe in the left-hand side (SW region) and right-hand side (NE region). (@ftdhend side

of the system (SW region of pipe), the horizontal well pipe is installed attegoepth and it is in
the cobble below the water table prior toGQection. On the right-hand side of the system (NE
end of pipe), the horizontal well is installed shallower and it is in the soil veryhesaater table.

The soil has a stronger capillary suction than the cobble, which all other thingseheil, would
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result in greater pressure needed by the 13 to displace water from the soil than from the cobble.
In this case, the soil also has higher permeability (see Table 2) and the pp&liB tegion is at
higher elevation than the SW region. These effects combine to cause mar®\watexpelled

from the pipe as injection occurs than in the SW regions where the pipe is instatiédla cThe
result of these differences is a stronger drying of the pipe materiabas $n Figure 10. Note that
these effects play no role in the gravity-capillary equilibrium in which tpe igi below the water

table because both soil and pipe materials are fully saturated and therefubjectto different
strengths of capillary suction. Because the actual pipe consists o sketté rather than porous
media as modeled here, the contribution of capillarity to this effect is beliewedlargely relevant
only to the model and does not play a significant role in controlling the amount of wdterpipé

in the field system.

Conclusions
Numerical experiments using TOUGH2/EOS7CA with a 3D grid of the ZEERERse facility

suggest that along-pipe G@ow in the open injection zones is blocked at packers and enters the
cobble or soil effectively as a point source. From these effective point soadgdreakthroughs
and persistent patchy emission patterns emerge as observed in two sunfrakelexperiments.
Early breakthrough occurs where the pipe is shallow and is enhanced when tearpgmntact

with the high-vertical-permeability soil. An implication of this work fotuat GCS leakage
monitoring and modeling is that patchy emissions may be the expected sigiession from
potential low-flux leakage that might occur from GCS sites under conditions ddirsgoil and

moisture as at the ZERT site. The effects of different capillaryosuptioperties, elevation, and
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1 permeability of materials are manifest as differences in liquida&n in the pipe when injected

2 CO, creates unsaturated conditions in the model system.
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Nomenclature

d molecular diffusivity mst

g acceleration of gravity vector Nt s

F Darcy flux vector kg s*
k permeability h

kr relative permeability

M mass accumulation term kgm

outward unit normal vector

=)

NK  number of components

NPH number of phases

P total pressure Pa

Pc capillary pressure Pa

q mass flux kg M st
q.  volumetric source term kghrs?
S saturation.

t time S

T temperature °C

Y, volume m

X mass fraction with phase subscript and component superscript
X X-coordinate

Y Y-coordinate

Z Z-coordinate (positive upward)

Greek symbols
a 1IPg in van Genuchten's capillary pressure functioft Pa
yei phase index (subscript)

r surface area m
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exponent for temperature dependence of diffusivity
mass components (superscript)

van Genuchten’'s m -

dynamic viscosity kg ths?
density kg i
tortuosity

porosity

Subscripts and superscripts

g
I

S

max

gas
liquid

satiated (saturation)
maximum

residual

water

reference value
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Tables
Table 1. Governing equations solved in TOUGH2/EOS7CA for isothermal problems.

Description Equation

Conservation of mass %IM KV = IFK ndrl + quKdV

Vn 1—‘n VI"I

Mass accumulation NPH

M* = ¢ > SpopXs"

=1

Phase flux KsPp

F,=-k——=(VP;- ps0

s Hp ( BB )

Component flux _NPH j ) -

P = (X~ prorp ppdf X"

£=1

Pressure and capillary pressure | Pg =P +FRy,
Henry’s |aW Pgl( _ Kngq

Relative permeability (liquid after,

2
van Genuchten, 1980; gas after | if § <, k, =vS" 1—(1—[8* }mj
Corey, 1954)

if S 25 krI =1

if Sgr =0 kg =1-ky

if Sy >0 kg = (1— é)z(l— éz)
whereS’ = (SI -5 )/(815 -5 )’
S:(SI _Slr )/(1_Slr _ng)

Capillary pressure (after van 1174 1-1
Genuchten, 1980) P = Po([S T - j

subjectto— By < P, <0

Molecular diffusion tA = —grotspy dEVXﬁ"

wherer,z, = Tokrﬂ (Sp)
and

d;m):dz(m)i[

Pl 27315

T+ 273.15}9

o0k Ww
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Table 2. Properties of the materials in the model.

Soll Cobble Pipe
TemperatureT) 15°C 15°C 15°C
Porosity ¢) 0.35 0.35 0.99
Permeability K) 5x 10" m? 3.2 x 10°m? 1% 10"°m?

Capillary Pressure

(Pc)

van Genuchterf
2=0.291S, =0.15,a =
2.04 x 10' Pal, P =5

van Genuchterf
1=0.627S, = 0.10,a =
1.48 x 10° Pal, Pa= 5

No capillary pressure

10° Pa,S; = 1. 10° Pa,S; = 1.
Relative Liquid: van Liquid: van Linear with saturation
permeability k) Genuchteh* Gas: | Genuchteh? Gas: S =0.1,S, = 0.05
Corey Corey

S =0.17,5, = 0.05

Sr=0.12,§, = 0.05

Molec. diffusivity
coefficients (5"

Liquid: 10 m” s™
Gas: 10 n? st
0=1.0,P, = 1C° Pa

Liquid: 10 m” s™
Gas: 10 n? st
9=1.0,P, = 10’ Pa

Liquid: 10°m” s™
Gas: 10 n? st
9=1.0,P, = 10’ Pa

Tortuosity (z) 1.0 1.0 1.0
Saturation- Equal to relative Equal to relative Equal to relative
dependent permeability permeability permeability

tortuosity (zp)

Pruess et al. (1999)
22 ismin van Genuchten, 1980.

3Corey (1954)

Table 3. Measured and modeled ground-surface fluxes above the {pip@ days.

Zone Measured surface flux Modeled surface flux
kg m?s* kg m?s*
Mean Maximum Mean Maximum
1 9.88E-07 3.22E-06 5.52E-06 1.17E-0b
2 2.32E-06 7.05E-06 4.64E-06 2.65E-0b6
3 2.56E-06 1.71E-05 2.87E-06 6.63E-06
4 2.36E-06 5.75E-06 1.14E-06 1.85E-06
5 1.18E-06 1.21E-05 8.56E-07 2.01E-06
6 1.45E-06 6.53E-06 1.91E-06 2.53E-06
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Figure 1. (a) Log soil C&fluxes measured along surface trace of well on day 9 of the first CO
release carried out in 2007 (see Lewicki et al., 2007). (b) Elevation of nominabyhtatiwell
(note vertical exaggeration) and packer locations (figure after Anegipetts. commun.). Focused
areas of high Coflux (patches) are generally correlated with packer locations.
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Figure 2. Two-dimensional slice of the three-dimensional model showing soil and tajebik,
water table, packer locations, and injection zone numbering.
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Figure 3. Two-dimensional slice of the three-dimensional model showing the gonadxdtween
gridblocks. High-permeability regions are shaded (red) showing the opamsextthe pipe and
the soil layer.
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Figure 4. Three-dimensional grid showing the plar&=a8.975 m (mirror plane) that contains the
pipe and the ten planes to the right-hand side (northwest). Horizontal dediremhnections
between planes are not shown. Note that the pipe discretization is in all planesekitvesonly
pipe material is in the plane At 8.975 m, while all other planes consist of either soil or cobble
depending on location.
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Figure 5. Initial condition of water saturation. Conditions are assumed unifohma tihitd
dimension Z-direction, into the page).
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Figure 6. Three-dimensional result of the Base Case showing massficdQ in the gas phase
(X¢°%% in a patchy emission patterntat 3 days.
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1 Figure 7. Mass fraction of GOn the gas phase &t 0.06, 0.5, 1, 1.5, and 2 days for the case of
2 injection into six zones (right-hand side(a, c, e, g, i) and 23 zones (left-hand side k)4, f
3
4
plane atZ =8.975m plane atZ=8.975m
50 20 40 60 80 100
X (m) X (m)
50 20 40 60 80 100
X (m)
5
6 Figure 8. Mass fraction of GGn the gas phase &t 0.06, 0.5, and 1 days for the case of injection
7 into an infinite number of zones (spatially continuous injection).
8
plane atZ =8.975m plane atZ = 8.975m X:OZ
:
50 20 40 60 80 100 50 20 40 60 80 100
X (m) X (m)
9
10

11 Figure 9. Mass fraction of GOn the gas phase &t 5, and 9 days for the Base Case showing the
12 merging of some early patches but also patchy emission persistence.
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Figure 10. Liquid saturation in the plade 8.975 m at = 0.5 and 2 days.

27

80 100

Rev. 6.0

w



	Abstract
	Introduction
	Background
	Observation
	Hypothesis

	Methods
	Numerical Simulation
	Model System and Discretization
	Flow Properties of the Materials

	Results
	Conclusions
	Acknowledgment
	References
	Tables
	Figures

