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ABSTRACT

In this work, state-of-the-art existing simulation models of East Barrow and Walakpa
natural gas fields with associated gas hydrates were rebuilt, tuned with additional data
(some of the data used were from the Mt. Elbert Well, which significantly improved
earlier models), and updated in terms of production data and history matching. Fluid
contacts, saturations and hydrate dissociation/formation reactions were initialized for
both models, actual production was matched and planned wells were placed accordingly.
For each model, a gas hydrate saturation sensitivity study was performed. Simulation
models were run and production forecasts for Walakpa field were made. There is a clear
picture of East Barrow field behavior, but the Walakpa model still involves significant
approximations. Additional log data from new wells planned in the Walakpa field will
reduce reservoir properties uncertainty and make the model a more realistic reservoir

management tool.

A well choking study was performed on a hypothetical simplistic radial simulation grid
with a vertical well. It was discovered that vertical gas wells drilled close to a hydrate
zone tend to die due to hydrate blockage. Higher gas rates revealed improved production,
but faster flow rate decline because of hydrate reformation. Horizontal wells could
mitigate this problem due to their lower pressure drop per unit length of completed
interval. They are also capable of higher production at lower drawdown. Since higher rate
causes faster choking due to hydrate reformation, intermittent reduction of the flow rate is
recommended for vertical wells in order to mitigate or at least delay the choking problem.
Overall, both horizontal and vertical well designs are suitable for natural gas production

from hydrate reservoirs.
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1. INTRODUCTION

1.1 Background

The city of Barrow, northernmost town of the United States of America, is located on the
North Slope of Alaska, remote from most infrastructure. Constantly growing energy
demand of the city and adjacent villages has been successfully met by the Barrow Gas
Fields (BGF) for almost 30 years. The BGF consist of East Barrow (EB), South Barrow
(SB), and Walakpa (WAL) fields, located to the south and southeast of Barrow (Figure
1.1). According to field report (Glenn and Allen, 1991) and simulation results, the BGF

are capable of maintaining gas supply in the region for another 100 years.

BARROW GAS FIELDS AND SURROUNDING LANDS L TonN RoIsw TO23N ROITW
Major Subdivisions of Land and Native Allotments
p—-

Barrow

T020N ROISW

Figure 1.1: Barrow Gas Fields Location (Modified from NETL Website)
BGF pay-zone depth ranges between 1900 ft and 3100 ft (Glenn and Allen, 1991), hence

they are quite shallow. The main productive formation is Walakpa sand (Glenn and

Allen, 1991). A structural map of the formation is provided in Figure 1.2. Initial pressure



and temperature conditions in the updip portion of Walakpa sand were sufficient for gas
hydrate formation (Glenn and Allen 1991). In the BGF, free gas is being produced;
however, the upper portion of the fields lies within the gas hydrate stability region. It
turns BGF into gas fields with gas hydrates associated on the top.

Figure 1.2: Walakpa Sand Structural Map (Modified from Petrotechnical Resources
Alaska)

Previous studies reported possible gas recharge from dissociating gas hydrates in the gas
hydrate zone (Stokes et al., 2005; Stokes and Walsh, 2007). Gas hydrate stability depth
was estimated within the range of 2000-2550 ft (Singh, 2008; Glenn and Allen, 1991).

The BGF project is of extreme importance as it is one of the first studies on gas hydrate

deposit exploitation in this region.

1.2 Objectives
This project was undertaken to evaluate potential of gas hydrates as an energy resource,

simulate hydrate processes in the field, and get a better understanding of field



performance. The work was focused on building state of the art simulation models,
simulation of hydrate-bearing reservoirs with maximum accuracy in the inputs, obtaining

precise outputs, and their analysis.

1.3 Tasks Performed

The tasks successfully completed in this study are summarized as follows:
a. Existing BGF reservoir models were reviewed for initialization errors and fixed.
b. Outdated property-distribution formulas were rewritten and assigned accordingly.

c¢. The hydrate zone was initialized for the first time. This required input of chemical

reactions, their equilibrium parameters, etc.

d. A sensitivity study was performed in order to achieve adequate hydrate saturation
values and dissociation rates. It also minimized the material balance error during

simulation runs.

e. Forecasting was completed for the Walakpa field for two scenarios. First scenario

involved only existing Walakpa producers. The second one included four new

planned horizontal wells.

f. Well choking due to hydrate reformation in the near-wellbore zone was studied by

simulation.



2. LITERATURE REVIEW

2.1 Gas Hydrates

Gas hydrates are solid chemical compounds resembling ice. They consist of gas
molecules entrapped within the lattice structures of water molecules (Moridis et al.,
2008). Such substances are called clathrates or cage compounds. In clathrates, host
molecules form a crystalline cage-like lattice with voids occupied by guest molecules. In
the case of gas hydrates, host molecules of water connect to each other by hydrogen
bonds and trap guest molecules of gas (Klauda and Sandler, 2005). To form hydrates
generally require low temperatures and high pressures (Makogon, 1966). Apparently,
clathrates do not flow in porous media whereas some flow through them might be

possible.

Theoretically, all gasses can form hydrates under certain conditions (Klauda and Sandler,
2005; Makogon, 1982). Exceptions are hydrogen, helium, and neon. They do not form
hydrates (Makogon, 1982). In most cases natural gas hydrates are formed with methane
gas; followed by ethane, propane, CO,, and butane (Makogon, 1982). Structure and
stability properties of the hydrates depend on the type of gas with which they are formed.

2.1.1 Structures

There are 3 gas hydrate structures discovered so far: Structure I (sI), Structure 1T (sII),
and Structure H (sH). Cubic structures I and II are the most common encountered in
nature (Kvenvolden, 1993). Structure I hydrates consist of 46 water molecules with 8
cavities (Miller, 1961). These cavities have average diameters of about 4.3 A (Miller,
1961). They can entrap only small guest molecules of a size ranging between 4.0 and 5.5
A, most frequently methane and sometimes ethane (Miller, 1961). Also within the range
to form Structure I hydrates are H,S and CO; molecule sizes, but their occurrence is rare.
Since methane gas hydrates are the most abundant in nature, Structure I hydrates are

found in vast amounts (Kvenvolden, 1993; Moridis et al., 2008).



Structure 1T hydrates are formed by 136 water molecules with 24 cavities (Miller, 1961).
These include 16 small cavities that can hold a guest molecule of 5.0 A or less and 8
large cavities that can have a guest of 6.7 A or less (Miller, 1961). These larger cavities
are capable of holding propane molecules, of about6.3 A in diameter (Collett and Ehilg-
Economides, 1983), whereas smaller cavities can be occupied by methane molecules of a

diameter equal to 4.4 A.

Structure H hydrates have a hexagonal shape, and their discovery was relatively recent
(Mehta and Sloan, 1999). In order to form, Structure H hydrates require light molecules
such as methane, hydrogen sulfide, or nitrogen as well as heavier molecules such as
isopentane, hexane, or methylcyclohexane (Mehta and Sloan, 1999; Schulz and Zabel,
20006). Therefore, Structure H hydrates can occur in the presence of oil or condensate and
are most frequently observed in manifolds and pipelines where multiphase flow takes
place. Structure H hydrates contain 34 water molecules and 6 cavities, five of which are
small and can hold guests with diameters about 4.5-5.5 A (Schulz and Zabel, 2006). The
remaining cavity is exceptionally large and accepts heavy guest molecules of diameters
up to 8-9 A (Schulz and Zabel, 2006).

2.1.2 Occurrence and Stability Conditions

Gas hydrates have been discovered and samples have been recovered from numerous
sites in the world (Moridis et al., 2008). Apparently gas hydrates occur in two distinctive
and quite dissimilar settings: hydrates associated with permafrost in polar regions and
hydrate occurrences in deep water sediments. The latter were found all over the world on
the beds of oceans, seas, and even deep lakes. These deposits contain enormous amounts
of natural gas (Makogon et al., 2007). However, existing technologies have not yet been
tested for commercial production of natural gas from marine hydrates and thus such

operations are considered to be currently unfeasible (Moridis et al., 2008).

Of major interest are gas hydrate accumulations associated with permafrost. From
development perspective they have numerous advantages over deep water hydrate

deposits: onshore location, existence of impermeable caprock, shallow depth, and



frequent association with conventional gas fields are foremost among these advantages.
In permafrost regions, natural gas in the subsurface can possibly occur partially or

completely in the hydrate state (Makogon, 1966). A typical hydrate stability curve in a

permafrost region is displayed in Figure 2.1.

Special pressure and temperature conditions are required for gas hydrates to stay in a
stable state (Katz, 1971). These conditions depend on various rock and fluid parameters
such as entrapped gas composition, hydrate saturation, formation water salinity, and
formation mineralogy. However, even if certain stability conditions are maintained within

a formation, hydrates do not necessarily exist in it (Makogon, 1966).
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Figure 2.1: Hydrate Stability Curve in Permafrost (Geologic Survey of Canada,

WWW.Nrcan.gc.ca)

Gas hydrate stability properties highly depend on gas composition (Godbole et al., 1988).
Godbole et al. (1988) conducted laboratory experiments to reveal that dependence. The
estimation of hydrate stability parameters for methane-ethane mixtures was chosen as an
objective for their study. They discovered that with increased ethane presence from 0O to

9.8 vol% in a methane-ethane mixture, stability pressure decreases and stability


http://www.nrcan.gc.ca

temperature increases. Hence, within the experiment range, with increase of ethane

fraction in methane, gas hydrates become more stable (Maekawa, 2001).

Increase in water salinity causes reduction of hydrate stability temperature at a rate of 5-7
deg. per 100,000 ppm (Katz, 1971). Overall, brine is more inert and less readily reacts
with gas to form hydrates, therefore more energy is required to start the reaction.
Nevertheless, hydrate layers can occur at considerably high temperatures. For this reason,
in some cases hydrate layers can have significant thickness. Onshore hydrate stability
zone thickness lies in a range between 700 and 1500m, whereas offshore it is expected to
be only from 100 to 400m thick (Makogon,1982). Hydrate zone thickness is a
considerable property directly affecting hydrate production project viability (Godbole et
al., 1988). Hydrate formation is also possible at temperatures higher than the freezing
point of water (Katz, 1971). This explains why gas hydrate layers can occur beneath the
base of permafrost. Apparently, the base of permafrost has a temperature close to 0°C, the
freezing point of water. In a case when they were formed before the freezing of soil,

hydrates can even be located above the base of permafrost (Katz, 1971).

Synthetic gas hydrates have been obtained repeatedly in different laboratories (Jaiswal,
2004; Singh, 2008). Some experiments included hydrate formation in porous media.
Hydrates have been formed experimentally in porous media long ago, and they were able
to conduct fluids (Evernos et al., 1971). A number of experiments were conducted at the
University of Alaska Fairbanks (UAF) in order to estimate gas hydrate relative
permeability values (Jaiswal, 2004). Almost all of the experiments led to the conclusion
that an increase in hydrate saturation leads to decrease in relative and effective

permeability of the sample (Evernos et al., 1971; Jaiswal, 2004).

2.1.3 Natural Hydrate Morphology

Gas hydrates can occur in the subsurface as disseminated inclusions, nodules, thin layers,
or large bodies (Worthington, 2008). If gas hydrates are present in the form of
disseminated inclusions, their volume is considered usually to be too small for

economical gas production. In cases of large hydrate body occurrences with high hydrate



saturations, the formations are frequently hydrate-bonded rather than matrix-bonded
(Stokes and Walsh, 2007). This means that the formation grains are cemented by hydrate
and will disaggregate if the hydrates start to dissociate. This raises additional difficulties
in production, such as risk of formation collapse possibly leading to overburden

subsidence and wellbore stability issues (Stokes and Walsh, 2007).

2.2 Deposit Classes
Since most of the deposits containing gas hydrates have certain common features, the

following classification has been suggested (Moridis and Collett, 2004):

Class 1 hydrate deposits refer to gas hydrates associated with conventional gas reservoirs
in which the gas-bearing formation is overlain by a gas hydrate layer. There is
impermeable rock above the gas hydrate layer and below the productive formation.
Natural gas can be supported by an aquifer. In Class 1 reservoirs, the gas hydrate-free
gas contact (HGC) is the base of the hydrate stability region. This class of deposits is
most common onshore associated with permafrost regions such as the North Slope of
Alaska, northern Canada and the northern part of Siberia. Messoyakha and Barrow Gas
Fields serve as possible examples of this class of deposits (Makogon, 1966; Stokes and
Walsh, 2007). Methane hydrates in the Barrow Gas Fields are believed to contribute lots
of methane gas to the total gas production (Stokes and Walsh, 2007).

Class 2 deposits are ones in which there is no free gas below the gas hydrate layer, but
there is an aquifer below it. In deposits of this class, the hydrate layer and aquifer are
isolated by impermeable rocks just as in Class 1 deposits; however gas hydrate—water
contact is likely to be above the base of the hydrate stability region. This can be the case

when all of the gas has been trapped in the hydrates.

Class 3 hydrate deposits are characterized by hydrate accumulation entirely bound by
impermeable formations and a free fluid zone is absent. Since the formation of hydrates

is usually accompanied by volume reduction, a reasonable conclusion can be made that in



the absence of water flux, gas hydrate formations might be at abnormally low pressure
(Makogon, 1966).

Class 4 deposits refer to gas hydrate accumulations dispersed in the deep water on ocean,
sea, and lake beds, not bound by any caprock from above. Due to their unique occurrence
and technical recovery difficulties, these hydrate deposits are least regarded as a

prospective energy resource (Moridis and Collett, 2004).

2.3 Petrophysical Identification

Of key importance is to identify and locate hydrate bearing formations precisely. On the
well-scale, the fastest way to do this is thorough utilization of LWD (Logging While
Drilling) tools. Luckily gas hydrates have certain characteristic petrophysical properties

that can be used to distinguish them in the subsurface section.

In most cases gas hydrates are identified by characteristic log response such as high
electrical resistivity, high sonic velocity, and low density (Worthington, 2008). Mud gas
logs are also recommended for hydrate identification (Worthington, 2008). Several
authors have suggested utilization of sonic and neutron porosity logs to effectively
distinguish hydrate-bearing formations (Collett and Ehlig-Economides, 1983; Godbole et
al., 1988). However, a neutron porosity log by itself is unable to identify gas hydrates in
permafrost regions (Worthington, 2008). The reason for that is the high porosity reading
for both hydrates and ice layers. Hence, application of all aforementioned tools together

will lead to the most precise hydrate identification.

Even though gas hydrates have specific log response, some difficulties may arise with the
distinguishing of gas hydrates from ice (Worthington, 2008). Very thin gas hydrate layers
are also often difficult to spot, even though modern logging tools have quite high
resolution. However, production from such thin layers is highly unlikely due to low

volumes, so they can be neglected in most cases.
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2.4 Resource Estimation

Different estimations have been made on gas reserves trapped in the hydrate state, but
even the most pessimistic forecasts indicate enormous volumes of gas. Onshore gas
reserves trapped in hydrates alone were estimated at 57*10'* m® (2,013 TCF) (Makogon,
1982). Milkov (2004) estimated marine hydrate reserves of 1-5%10"° m® (35,315
176,573 TCF). Klauda and Sandler (2005) made a more optimistic estimate of hydrates
trapped in ocean sediments at 1.2#10" m? (4,237,760 TCF). One of the most recent
estimates, however, suggests global resource of natural gas in hydrate state of 1.5 10'° m’
(529,720 TCF), (Makogon et al., 2007).
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3. METHODOLOGY

3.1 Barrow Gas Fields Reservoir Simulation

3.1.1 Background and Objectives

Reservoir models for Barrow Gas Fields were built in Roxar RMS commercial
geomodelling software by Panda and Morahan (2008). Afterward, the models were
imported into the STARS module of the CMG commercial reservoir simulation suite
pack (Singh, 2008).So far, the Barrow Gas Fields simulation models have been adapted
to simulate gas hydrates as heavy oil with such high viscosity as to be virtually immobile
(Singh, 2008). This was done due to lack of a hydrate phase in the simulator database. As
a result of such adaptation the simulator was able to simulate gas hydrate dissociation;
however gas hydrate reservoir behavior was not perfectly represented. One reason for
that was lack of backward reaction (gas hydrate formation). If the reaction were
specified, it would allow the adapted models to produce oil. Moreover, the simulator was
producing results for oil phase, which was impractical since no oil was produced. The
latest versions of CMG STARS software are capable of detailed gas hydrate specification
and simulation. Both Walakpa and East Barrow field models were updated accordingly.

The following objectives were chosen:

¢ Update simulation models with actual production data.
¢ Incorporate gas hydrates into history matched simulation models.

¢ Perform sensitivity study of hydrate saturation.

3.1.2 CMG-STARS Reservoir Simulator

STARS stands for Steam, Thermal, and Advanced processes Reservoir Simulator and is a
commercial product of Computer Modelling Group Ltd. Designed for advanced purposes,
STARS is capable of both 2D and 3D reservoir simulation. It allows multi-phase multi-
component fluid flow, accounts for heat losses, dynamic rock and fluid properties, and
many other features. All inputs can be specified using the simulator's user-friendly

interface, or they can be directly imported from existing files. STARS supports and
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accepts all file formats considered standard in the energy industry. Most of figures in this
thesis are standard CMG outputs, having title and units on the top and color bar on the

right side.

3.1.2.1 Reservoir Grid
There are several ways to initialize the reservoir grid in STARS. One way is to construct
a grid manually by specifying grid type, number of blocks and their dimensions. The grid
can be either Cartesian or Radial. Another method is to build the grid by importing
existing structural and isopach maps, well trajectories, and log data that brings STARS to
the level of the geomodelling software. The simplest ways, if the reservoir grid has already
been built in some geomodelling software (such as GOCAD, RMS, Petrel, or another

CMG dataset), is to directly import it into STARS.

Static reservoir models of Barrow Gas Fields were built based on well log data in
ROXAR RMS commercial software (Panda and Morahan, 2008).The resulting reservoir
grids were directly imported into STARS (Singh, 2008).

3.1.2.2 Reservoir Array Properties
In the STARS user interface, all of the reservoir properties can be specified in the Array
Properties subdivision of the Reservoir section. Reservoir properties can be specified for
the entire grid, for a single layer (in K direction), or for each grid block individually.
Some reservoir properties such as porosity and permeability were imported with the static
grid. Reservoir properties such as pressure, temperature, fluid contacts, and saturations
were specified in STARS. To establish dependence between certain reservoir properties,
formulas were created as part of this work using the CMG formula editor. These formulas
were then specified as properties in the Array Properties subdivision of the Reservoir

section.

3.1.2.3 Thermal Properties
Thermal factor is critical for a simulation model with hydrates, since heat flux impacts

hydrate stability as well as depressurization. Volumetric heat capacity and thermal
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conductivities of rock and fluids were specified for both models. The “Keywords” in
CMG for thermal conductivity phase mixing, specified as SIMPLE earlier, was changed
to COMPLEX as part of this work, in order to better predict the thermal factor. Upon this

change hydrate models account for very small porosity values (Iess than one percent).

3.1.2.4 Fluid/Component Properties
Three fluid components were specified in the simulation models. Methane gas was
specified as the gaseous phase and formation water as the water phase. Gas hydrate was
initially specified as the oleic phase; however, within this study, hydrate was changed to
solid phase. This was followed by several oil properties being deleted and specified for
hydrate. Water and gas mole fractions were kept equal to 1 (no dissolved gas in water and
no water vapor in gas). The oil mole fraction was deleted. Hydrate density and enthalpy

were specified for solid phase, whereas viscosity data was deleted.

Gas hydrate dissociation is accompanied by methane and water release. One mole of
hydrate releases one mole of gas and about 5.75 mole of water. This is an endothermic

process described by forward chemical reaction (3.1).

1* Hydrate+ AH —5.7501* H,O0+1*CH, (3.1)

where AH - reaction enthalpy, BTU/Ibmole. Enthalpy is negative for endothermic
reactions. The STARS interface allows straightforward reaction specification with
automatic mass balance calculation in order to reduce the error percentage. The reaction

rate, k, is governed by Arrhenius equation (3.2).
k = Ae E/RT (3.2)

Where k — reaction rate constant, Ilbmole/lb-day; A — pre-exponential factor, or frequency
factor (CMG keyword *FREQFAC), dimensionless; E, — activation energy (CMG
keyword *EACT), BTU/Ibmole; R — universal gas constant, BTU/lbmole-°R; and T -

reservoir temperature, °R.
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Subsequently, reaction K values for vapor-liquid equilibrium were specified. In STARS,

K value is represented by equation (3.3).

rxkl [Tix,i;]

K(p,T)=| ——+ rxk2* p+rxk3 |*e (3.3)
P

where p — pressure, psi; T — temperature, °K; and rxk1, rxk2, rxk3, rxk4, rxk5 are reaction

coefficients of which rxkl is in psi, rxk2 is in 1/psi, rxk3 is dimensionless, rxk4 and rxk5

are in °K.

Gas hydrate dissociation is a reversible process, hence hydrates can form again given
favorable conditions and required components are present. In order to input this process,

a backward reaction was specified as in equation (3.4)
5775*H,0+1*CH, — 1* Hydrate+ AH (3.4)

Apparently, reaction (3.4) is a backward reaction of (3.1). Enthalpy AH is positive in
this case. Reaction frequency factor (*FREQFAC), activation energy (*EACT), and K

value correlation coefficients were specified similarly to the forward reaction.

3.1.2.5 Wells and Production Constraints
Wells can be effectively identified and located in the reservoir using the CMG interface,
or they can be imported in cases of survey data availability. It is possible to define
vertical, horizontal, and also multi-lateral wells. The user-friendly interface provides
simple control of well events, allowing one to open or shut-in a well at certain date, to

change the operational constraints, and to alter completion at any time during field life.

Operational constraints control the well production/injection. Among the constraints
numerous options are available in CMG to be optimally selected for every specific case.
Primary constraint value can be altered at any date (*ALTER keyword). Primary
constraint can also be substituted by another one (*TARGET keyword) at any date during

production, allowing for further manipulations with the new one. If a production/injection
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data file is available, it can be imported directly into the model. This option was used for

each of the wells in both models (Singh, 2008) and updated as part of this work.

3.1.2.6 Simulation Output Control
Each model requires different outputs depending on simulation purposes. Usually for a
particular problem only a few variables are required. In order to save computational time,
unnecessary simulation outputs can be deactivated using the simulator interface (Figure
3.1). In case where all the output variables are selected, simulation runs will belong. In
STARS a limited number of variables are active by default. The ones required for this

study had to be activated manually and some of active variables had to be switched off.

Simulation Results File Writing lii-l

Simulation result file name will consist of root name ofthe input file plus .irf extension

View/Edit TNEXT Dates I
Frequency of Simulation Results File wriing - When to write (WSRF)

l%‘ Date/Time Information | Writing Frequency Value
Initial Well Specifed frequency kL(E

IX‘ Initial Grid Specifed frequency Y10
Initial Sector Specifed frequency Ao

Items in Simulation Results File - What to write (OUTSRF)

@ Date/Time Information | Variables selection ‘ ‘
|E‘ Initial Grid Select grid variables ‘| Select |
Initial Well Walues in mass and volume units (MASS) B
Initial Well Values in mole and volume units (MOLE) &
Initial Well Well values atreservoir and surface conditions (DOWNHOLE) k

DYNAGRID writing frequency

Comments for OUTSRF at Initial

3

0K | [ Cancel } l Help

Figure 3.1: Results Output Control Window

Variables crucial for the current study are (respective keywords are provided in
parentheses): gas saturation (SG), water saturation (SW), temperature (TEMP), pressure
(PRES), water viscosity (VISW), gas viscosity (GASW), water relative permeability
(KRW), gas relative permeability (KRG), I direction absolute permeability (PERMI), and
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component solid concentration (SOLCONC). Volume units (VOL keyword) are

recommended for the latter in order to see hydrate saturation as volume fraction.
3.1.3 Model Revision

3.1.3.1 East Barrow Gas Field
Within this study, the simulation model originally initialized and history matched by
Singh (2008), was brought to the next level by numerous modifications and updated. The
models were upgraded with gas hydrate initialization. A sensitivity study to analyze the
dependence of hydrate saturation on solid concentration was performed. Based on the

sensitivity study, a suitable best-case model with desired hydrate saturation was selected.

The best-case setting takes account of gas hydrate in place in such a way that simulation
outputs demonstrate actual production and reasonable forecast, with material balance
error reduced to a minimum. This section describes the reservoir properties attained for

the best-case setting.
a. Reservoir Grid

The reservoir grid was built based on reservoir geology and well log data in ROXAR

RMS (Panda and Morahan, 2008), and later imported directly into CMG (Singh, 2008).

Due to reservoir structure (i.e. high dipping angles of the formation), a corner point grid
was used. The grid consisted of 54 blocks in I, 37 blocks in J, and 25 blocks in K
directions respectively, rendering 49,950 grid blocks in total. Some grid blocks were
specified inactive as they were not considered as part of the reservoir. Those grid blocks
mostly represented Avak crater, which provides field closure at the west. A single grid
block is 600 ft in both length and width (I and J directions), whereas thickness (K
direction) varies between 1.09 ft and 3.22 ft. The top of the structure is located at 1900 ft
TVD below sea level and the lowest portion of the reservoir is at a depth of 2330 ft TVD
in the water leg. Figure 3.2 illustrates a 3D view of the reservoir grid. 2D views of the 1J
plane for Layers 1 (K=1), 13 (K=13), and 25 (K=25) are shown in Figures 3.3, 3.4, and
3.5, respectively. Color denotes depth.
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Figure 3.2: Reservoir Grid — 3D View
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Figure 3.4: Reservoir Grid (K Layer 13) — 1J Plane View
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b. Reservoir Properties
1. Porosity

The geological model was populated with porosity values (Panda and Morahan, 2008),
and then imported into CMG (Singh, 2008). Reservoir porosity ranged from 5% t024%.

A 3D view of porosity distribution is shown in Figure 3.6.

East Barrow Reservoir Model
Porosity 1981-12-01

Fils: inpul_2%lay . dai
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27X 37.00:1

Figure 3.6: Porosity Distribution — 3D View

The productive formation is subdivided into the Upper and Lower Barrow sand (Panda
and Morahan, 2008) which are separated by a semi-permeable shaly sand layer. That
layer is represented by Layer 16 (K=16) of 5% porosity. The layer is permeable enough
to maintain fluid flow. A 2D view of that layer in the 1J plane is presented in Figure 3.7.

In all other layers porosity is varying similar to what is shown on 3D image, Figure 3.6.
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Figure 3.7: Porosity — 5% (K Layer 16) — 1J Plane View

2. Permeability

The reservoir was populated with permeability obtained from well logs (Panda and
Morahan, 2008). Within the reservoir section of the formation, permeability varies
between 1 and 50 md. The reservoir has a lower permeability layer represented by shaly
stratum, assigned as Layer 16 (K=16). Permeability value assigned for the entire layer is
5md in all directions (I, J, K). 3D views of permeability distribution in I, J, and K
directions are displayed in Figures 3.8, 3.9, and 3.10, respectively. Top 2D view of
permeability for shaly Layer 16 is shown in Figure 3.11.
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Figure 3.8: Permeability Distribution in I (North—South) Direction, md — 3D View
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Figure 3.9: Permeability Distribution in J (East-West) Direction, md — 3D View
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Figure 3.10: Permeability Distribution in K (Vertical) Direction, md — 3D View
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3. Temperature

Initial formation temperature at the top of the reservoir was equal to 41°F. The
geothermal gradient was estimated at 1.6°F/100 ft (Panda and Morahan, 2008). Initially,
a formula editor was used to write a formula for temperature distribution with respect to
depth (Singh, 2008). According to formula specification rules in latest versions of CMG,
the temperature distribution formula was rewritten (Figure 3.12). Afterwards, initial
reservoir temperature was specified as formula dependent. The temperature distribution

in the entire reservoir is illustrated in Figure 3.13.

Model Tree View = 1
Calculation Scheme | Temp Copy Farmula from
+ |JO Control s :
s e » Independent Variables
v Components 3 Variable Name Component Time File
v Rock-Fluid b X0 Grid Top 1981-12-01 C:\PHASE 1B BGF PR
v Initial Conditions L
v Numerical LS el m ,
Geomechanics b
' Wells & Recurrent » Add to List of Independent Variables Insert Selected into Formula ‘EdilSelected | DeleteSeIected’
B Grid
-i-3-|/ ArrayProper‘ties ( ( X0 — 1500 } * 0.016 ) + 41
b~ Sectors
i Aquifers
[#-+ Thermal Rocktypes

oz ) (8] o) [t (] (NT) o] o] [l

) i) o ] o el O o)

Lo )+ [ [+ )[107x] [sar] [ABS] [>=] [ ENDF_|

Set a value that Builder should assign to those calculations which may
generate math errors, e.g. division by zero, argument <= 0.0 for LOG
efc.

Assign this value to calculations that may
generate math errors:

Atolerance is required for ime synchronization with other source
properties. A new property will be calculated only if all the source
properties can be found ata given time l

|s matrix property

NBR Functions Help |

Tolerance 1 day

[ 0K I [ Cancel ‘

Figure 3.12: Formula Editor — Temperature Distribution Initialization
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Figure 3.13: Initial Temperature Distribution, °F — 3D View

4. Reservoir Pressure

Initial reservoir pressure was equal to 975 psi (Panda and Morahan, 2008; Singh, 2008).
Pressure dependence on gravity was neglected due to hydrate zone underlain with free
gas and weak aquifer (Singh, 2008). The entire model was assumed to be at initial

pressure of 975 psi.
5. Initial Hydrate Saturation

Since initial conditions in the hydrate layer of East Barrow gas field matched the three-
phase pressure-temperature stability curve, all three phases were assumed to be present in
the hydrate layer (Singh, 2008). Field zones shallower than 2050 ft were marked as
hydrate-bearing (Panda and Morahan, 2008). Hence, 2050 ft was the initial HGC. The

previous phase of research included a sensitivity study of reservoir to drive mechanisms
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confirming 31% gas hydrate saturation in the hydrate layer (Singh, 2008). In that model,

gas hydrates were specified as oil with high viscosity.

In the latest versions of CMG STARS, gas hydrates are specified as an Initial Solid
Concentration reservoir property (SOLCONC keyword). Upon completion of the
sensitivity study (discussed in a later section), it was concluded that a solid concentration
of 0.1586 lbmole/ft® matches reservoir performance and represents 31% of hydrate
saturation. A formula representing hydrate distribution was created in the CMG formula
editor and was directly specified as a solid concentration property. Hydrate saturation
was assigned for each grid block located deeper than 1900 ft but shallower than 2050 ft.
The remaining grid blocks of the reservoir were assigned with hydrate saturation of 0%.

The formula is given as
IF ((X0 > 1900) AND (X0 <=2050)) THEN ((0.158591)) ELSE ((0))
where X0 is grid bottom depth, ft (Figure 3.14).

The 3D view of hydrate distribution within the reservoir is shown in Figure 3.15. Top
(K=1) and bottom (K=25) layers' 2D hydrate distribution is presented in Figures 3.16 and
3.17, respectively. Figure 3.18 displays a magnified 2D view of HGC.
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Figure 3.14: Formula Editor — Gas Hydrate Distribution Initialization
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Figure 3.15: Initial Gas Hydrate Saturation, Ibmole/ft3 — 3D View
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Figure 3.18: Initial Hydrate—Gas Contact— IK Plane View

6. Initial Gas Saturation
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A gas phase is present in both free gas zone and hydrate zone (Stokes and Walsh, 2007).

Initial water saturation in both zones was estimated as 55% from the well logs (Panda and

Morahan, 2008). Hence gas saturation in the free gas zone equals 45%. However, in the

gas hydrate zone where all three phases are present, free gas saturation is only 14%

(Stokes and Walsh, 2007). The free gas zone is located below the gas hydrate zone and

above the water leg. Gas—Water Contact (GWC) was estimated to be at 2080 ft.

In order to specify gas saturation in the model, a formula was written in the CMG

formula editor (Singh, 2008). As part of this study, the formula was updated according to

the newer version of software. In the formula, gas saturation between 1900 ft and 2050 ft

(the hydrate zone) is specified as 14%; between 2050 ft and 2080 ft (free gas zone) it is

45%; and in the water leg, below 2080 ft, gas saturation is 0%.



The formula is given as:

IF ((X0 > 1900) AND (X0 <= 2050)) THEN ((0.14)) ELSEIF ((X0 > 2050) AND (X0 <=

2080)) THEN ((0.45)) ELSE ((0))

where X0 is grid bottom depth, ft (Figure 3.19).

The 3D view of gas saturation of the reservoir is shown in Figure 3.20. Saturation of

topmost (K=1) and bottommost (K=25) layers is shown in Figures 3.21 and 3.22,

respectively. Figure 3.23is a magnified 2D view of HGC and GWC.
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Figure 3.19: Formula Editor — Gas Saturation Initialization
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Figure 3.22: Initial Gas Saturation (K Layer 25) — 1J Plane View
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7. Initial Water Saturation

Previously, water saturation in the EB field model was specified as 55% in gas hydrate
and free gas zones, and 100% in the water leg (Singh, 2008). Current CMG STARS
hydrate specification procedure requires a gas hydrate saturation value to be added to

water saturation, as gas hydrates are initialized as a solid fraction within the water phase.

Hence, as part of the model update, water saturation was altered. A new formula was
written using the formula editor and it was initialized as a water saturation property of the
field. As a result, according to the formula, water saturation in the hydrate zone was
increased to 86% (31% hydrate saturation); in the free gas zone it was kept at 55%; and
in the water leg it was at 100%. The three zones were divided by fluid contacts: HGC at
2050 ft and GWC at 2080 ft. The formula is given as

IF ((X0 > 2050) AND (X0 <=2080)) THEN ((0.55)) ELSEIF ((X0 > 1900) AND (X0 <=
2050)) THEN ((0.86)) ELSE ((1))

where X0 is grid bottom depth, ft (Figure 3.24).

Figure 3.25 shows a 3D view of water saturation in the reservoir. Figures 3.26 and 3.27
represent the topmost (K=1) and bottommost (K=25) layer water saturation, respectively.

A vertical section with magnified fluid contacts is displayed in Figure 3.28.
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Figure 3.24: Formula Editor — Water Saturation Initialization
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Figure 3.26: Initial Water Saturation (K Layer 1) — IJ Plane View
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Figure 3.28: Initial HGC and GWC — IK Plane View

¢. Fluid Component Properties

Gas hydrates were initialized as a solid immobile phase. Two chemical reactions were
specified to simulate hydrate dissociation and reformation phenomena. Component

properties and reaction details are summarized in Appendix A.
d. Well Rates

The EB gas reservoir has 6 producer wells: EB #12, #14, #15, #18, #19, and #21.
Wellbore diagrams are displayed in Appendix B. The wells were specified in the model
and production rates were imported directly (Singh, 2008). For the purpose of model
update, the latest production data were added. Currently, only EB #14 is in production
(Walsh, personal communication). Since only a few dates needed to be added, flow rates
were specified manually using the ALTER keyword. The ALTER keyword allows
change in the primary constraint of the well at a certain selected point of time to match

the actual production history.
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3.1.3.2 Walakpa Gas Field
Like the EB model, the WAL geological model was built in ROXAR RMS (Panda and
Morahan, 2008) and then imported into CMG STARS (Singh, 2008). Due to similarity in

the model initialization process, the WAL model is discussed briefly.

a. Reservoir Grid

The reservoir grid consists of 63,000 grid blocks (Figure 3.29). It has 100 grid blocks in I
direction, 63 in J direction, and 10 layers in K direction. Lateral dimensions of a single
grid block are 500 ft by 500 ft (IJ Plane). Vertical thickness of the grid block (K
direction) varies between 1.6 ft and 4.5 ft. Reservoir depth range is 1879 ft at the top and
3109 ft at the aquifer.
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Figure 3.29: Walakpa Reservoir Grid — 3D View
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b. Reservoir Properties
1. Porosity

The geological model was populated with porosity data obtained from logs by Panda and
Morahan (2008) before being imported to CMG (Singh, 2008). Reservoir porosity ranges
between 8.5% and 24.7% (Figure 3.30).
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Figure 3.30: Porosity Distribution — 3D View



38

2. Permeability

Similarly to porosity, reservoir permeability was specified in the geological model. It was
initially obtained from well logs (Panda and Morahan, 2008). Permeability in each grid
block is similar in all three directions (I, J, and K). It varies between 0.1 md and 250 md

throughout the field (Figure 3.31).
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Figure 3.31: Permeability Distribution, md — 3D View



3. Temperature

Initial WAL temperature was specified according to reservoir geothermal gradient of 1.88
°F/100 ft (Singh, 2008). Hence, at the top of the reservoir the temperature is 49.6°F, and
at the bottom it equals 72.4°F (Figure 3.32). The updated formula of initial reservoir

temperature written in the CMG formula editor is given as
(X0-950) *0.01888 + 32

where X0 is grid top depth, ft.
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Figure 3.32: Initial Reservoir Temperature Distribution, °F — 3D View




4. Reservoir Pressure

Initial reservoir pressure was 1039 psi (Panda and Morahan, 2008), (Figure 3.33). While

specifying the pressure, gas pressure gradient was neglected and water

of 0.433 psi/ft was used (Singh, 2008).The formula defining pressure was modified in the

formula editor. It is given as

pressure gradient

IF ((X0 > 1875) AND (X0 <= 2750)) THEN ((1039)) ELSE ((X0 * 0.433))

where X0 is grid bottom depth, ft.
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Figure 3.33: Initial Reservoir Pressure, psi — 3D View
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5. Initial Hydrate Saturation

Like in EB reservoir, all three phases are present in the hydrate zone. Gas hydrate
saturation in the hydrate layer was estimated at 30%. HGC depth is 2000 ft (Singh, 2008).
For free gas zone and aquifer, gas hydrate saturation was specified as 0%. As explained
earlier, solid concentration represents hydrate saturation in the reservoir (SOLCONC
keyword). From a sensitivity study (explained later) the concentration was estimated to
be equal to 0.1441 Ibmole/ft’ (Figure 3.34). The formula written in the CMG formula

editor in order to specify solid concentration appears as
IF (X0 <= 2000) THEN (0.144089) ELSE (0)
where X0 is grid bottom depth, ft.

A magnified 2D view of HGC in the JK plane is shown in Figure 3.35.

WALAKPA RESERVOIR MODEL
Initial Solid Concentration(HYDRATE) (lbmole/ft3) 1992-10-01 szroarseT

User: Bahram
Date: 6/25/201
Z/X: 20.00:1

%7
|
i )

e ]
|

0.101
0.086
0.072
0.058
0.043
0.029
0.014
0.000

Figure 3.34: Initial Gas Hydrate Saturation, Ibmole/ft® — 3D View
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Figure 3.35: Initial HGC - IK Plane View

6. Initial Gas Saturation

Gas is present in both the gas hydrate and free gas zones. There is 0% gas saturation in
the water leg. Due to 55% connate water saturation, gas saturation in the free gas zone is
only 45% (Figure 3.36). In the hydrate layer, gas saturation is equal to 15% (Singh,
2008). A formula was modified using the formula editor to specify hydrate saturation

according to HGC at 2000 ft and GWC at 2750 ft. The formula is given as

IF (X0 <= 2000)) THEN (0.15) ELSEIF ((X0 > 2000) AND (X0 <= 2750)) THEN
((0.45)) ELSE ((0))

where X0 is grid bottom depth, ft.
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Figure 3.36: Initial Gas Saturation — 3D View
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In the free gas and hydrate zones initial water saturation was assigned as 55% (Singh,

2008). Apparently, the aquifer has 100% water saturation. Taking into consideration gas

hydrate specification peculiarity, hydrate saturation was added to water saturation in the

hydrate zone bringing it to 85% (Figure 3.37). A formula considering saturations and

fluid contacts was written and assigned for the water saturation property. It is given as

IF ((X0 <= 2000)) THEN ((0.85)) ELSEIF ((X0 > 2000) AND (X0 <= 2750)) THEN

((0.55)) ELSE ((1))

where X0 is grid bottom depth, ft.
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Figure 3.37: Initial Water Saturation — 3D View

¢. Fluid Component Properties

Gas hydrates were initialized as solid immobile phase. Two chemical reactions were
specified to simulate hydrate dissociation and reformation phenomena. Component

properties and reaction details are summarized in Appendix A.

d. Well Rates

The WAL gas field has nine producer wells: Wal #02, #03, #04, #05, #06, #07, #08, #09,
and #10.Well locations are displayed in Figure 3.38. Wellbore diagrams are provided in
Appendix C. All of them are vertical wells drilled into the free gas zone. Well locations
and production data were specified by Singh (2008) and updated within this study. All of
the wells are in production so far. Similar to the EB field, flow rates were updated
manually using the ALTER keyword. Afterwards, four new wells planned for drilling
were specified. All four of the wells are horizontal with completion length summarized in

Table 3.1. Wellbore diagrams are provided in Appendix D.
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Table 3.1: Walakpa Horizontal Well Completion Lengths

Well name Completion length, ft
Walakpa 11 1528.0
Walakpa 12 1505.6
Walakpa 13 1611.6
Walakpa 14 1501.6

WALAKPA RESERVOIR MODEL
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Figure 3.38: Well Locations — IJ Plane View
3.1.4 Sensitivity Study
The objective of the sensitivity study, which is critical for gas hydrate initialization, was
to calibrate the models and by doing so determine the optimum value of the initial solid

concentration (SOLCONC keyword). This optimum value is the one that matches the
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initial hydrate saturation and leads to realistic field performance with minimum material

balance error.

3.1.4.1 East Barrow Gas Field
As stated earlier, gas hydrate saturation in the hydrate zone of EB field was equal to 31%.
Singh (2008) models were rebuilt for hydrate specification. Then several simulation runs

were performed to attain the required output. The five different scenarios attempted were:

a. Initial Solid Concentration = 0.1000 lbmole/ft’
b. Initial Solid Concentration = 0.1500 lbmole/ft’
¢. Initial Solid Concentration = 0.1586 Ibmole/ft’ (best-case model)
d. Initial Solid Concentration = 0.2000 lbmole/ft’
e. Initial Solid Concentration = 0.3000 lbmole/ft’

3.1.4.2 Walakpa Gas Field
Similar to EB field, a gas hydrate saturation sensitivity study was performed for the
rebuilt WAL field. Initial gas hydrate saturation in the hydrate layer of WAL field was
30%. Numerous simulation runs allowed identification of the optimum initial solid

concentration value. The five different scenarios attempted were:

a. Initial Solid Concentration = 0.1400 Ibmole/ft’
b. Initial Solid Concentration = 0.14411bmole/ft> (best-case model)
c. Initial Solid Concentration = 0.14501bmole/ft’
d. Initial Solid Concentration = 0.15351bmole/ft’
e. Initial Solid Concentration = 0.15861bmole/ft’

3.1.5 Forecasting Study

A forecasting study was performed for WAL field based on a logical well production
limit of 0.5 MMscfd for vertical wells. Higher production rates are not recommended for
current wells because of the well-choking possibility (Stokes and Walsh, 2007). Two
forecasting cases were studied: field production with existing wells only and production

of existing wells along with four new horizontal wells. For new horizontal wells, a limit
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of 0.7 MMscfd was assumed. Both cases were run for 20 years. Table 3.2 summarizes the

forecasting simulation study.

Table 3.2: Forecasting Summary

Forecasting Period 20 Years (01-Jun-2011 to 01-Jun-2031)

Wells Produced 9 Existing Wells 9 Existing and 4 New Wells

Production Rate 0.5 MMscfd/Well (Vertical) 0.5 MMscfd/Well (Vertical),
0.7 MMscfd/Well (Horizontal)

3.2 Well Choking Study

In conditions similar to ones in the BGF, the possibility of well choking is a big concern
(Stokes and Walsh, 2007). It was noticed that at a higher initial production rate, well
performance tended to worsen faster (Stokes and Walsh, 2007). Such a phenomenon is
probably happening on a pore scale. Possibly observing it in models developed as part of

this work is unlikely.

In order to investigate this problem, a simplistic simulation model was built in CMG
STARS. The model was assigned reservoir properties equal or similar to those of the EB
gas field. Reservoir performance at various well rates was studied. The model is briefly

described below:

3.2.1 Model Initialization
a. Reservoir Grid

A simple radial grid of 500 ft diameter was created in STARS (Figure 3.39). Grid depth
ranged from 1900 ft (top) to 2330 ft (bottom). The reservoir grid consisted of 1200
blocks: 60 layers (K direction) and 60 blocks in radial direction.
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b. Reservoir Properties
1. Porosity

Uniform porosity of 20% was assigned for the entire model.

Grid Top (ft) 2011-01-01

File: CMGBuild
User: Bahram
Date: 6/25/201

Z/X: 1.00:1

2,821
2,284
2,241
2,199
2,156
2,113
2,071
2,028
1,985
1,943
1,900

Figure 3.39: Simplistic Radial Grid — 3D View

2. Permeability

Permeability in horizontal (I and J) directions was defined as 50 md, 10 md in vertical

(K) direction.

3. Temperature

The EB gas pool initial temperature conditions were used in the simplistic model. The

temperature at the top of the formation was 41°F.At bottom it was 47.8°F (Figure 3.40).

4. Reservoir Pressure

Initial reservoir pressure equaled to 975 psi at the top of the reservoir.
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5. Initial Hydrate Saturation

Gas hydrate saturation of 31% was specified for the hydrate zone. HGC depth was 2050
ft, similar to EB field.

Temperature (F) 2011-01-01

ile: C ui
User: Bahram

417
41.0

Figure 3.40: Initial Temperature Distribution, °F — 3D View
6. Initial Gas Saturation

Gas saturation values chosen were the same as in EB field: 14% in gas hydrate zone and
45% in free gas zone. In the water leg, gas saturation was 0% (Figure 3.41). GWC was
located at a depth of 2080 ft.

7. Initial Water Saturation

Water saturation, similar to that of EB field, was specified as 100% in the water leg and

55% in free gas and hydrate zones.

8. Component Properties
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Refer to Appendix A.

Gas Saturation 2011-01-01

File: CMGEBuild
User: Bahram
Date: 6/26/201

Z/X:1.00:1

L

Figure 3.41: Initial Gas Saturation — 3D View

9. Production Well

A single production well was placed in the center of the radial grid. It was completed in

the hydrate zone (K layers 7 and 8).

3.2.2 Study Procedures
The simulation model was run in order to assess well-reservoir system performance in the

hydrate reservoir. The three scenarios studied were:

a. Well produces at 10 Mscfd
b. Well produces at 30 Mscfd

c. Well produces at 100 Mscfd

For all three scenarios, the model was run for 25 years.
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4. RESULTS AND DISCUSSION

4.1 BGF Reservoir Simulation Study

In order to incorporate hydrates, both of the models were subjected to detailed revision.
Most of the reservoir properties, reactions, and components were changed and redefined.
These included gas hydrate dissociation and formation reactions input with respective
coefficients and k-values. As a result of performed modifications both models became

complete, full-fledged gas hydrate reservoir simulation models.

4.1.1 Sensitivity Study

As mentioned earlier, five different scenarios were simulated for each field in order to
obtain the optimum value of initial solid concentration (SOLCONC keyword). Upon
successful simulation, each scenario was thoroughly studied and compared to the others.
Resulting hydrate saturation errors obtained from the first several runs were used to

calculate precisely the actual concentration value.

4.1.1.1 East Barrow Gas Field
As a result of the sensitivity study, an initial solid concentration of 0.1586 Ibmole/ft’ was
specified for the entire gas hydrate zone. The outcome of applying this particular value
was not only precise hydrate saturation (31%), but also minimum material balance error

(around 1%) among all simulation scenarios. The results are summarized in Table 4.1.

Table 4.1: East Barrow field sensitivity study summary

Solid concentration, Ibmole/ft® Hydrate saturation, % Material balance error, %

0.1000 17.4 8.7
0.1500 29.3 2.9
0.1586 31.0 0.8
0.2000 34.8 5.2

0.3000 52.2 12.5
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4.1.1.2 Walakpa Gas Field
Five simulation scenarios attempted for the sensitivity study in WAL field denoted one
best-case model that matched actual hydrate saturation (30%) and led to the least material
balance error (between 2% and 3.5% depending on simulation ending date). In the case of
the WAL field, to narrow the window of possible values, the solid concentration value
obtained in EB field was used for the first run. That value seemed too high and was
reduced in subsequent scenarios to the optimum of 0.1441 lbmole/ft’. The sensitivity

study results for Walakpa field are summarized in Table 4.2.

Table 4.2: Walakpa field sensitivity study summary

Solid concentration, Ibmole/ft® Hydrate saturation, % Material balance error, %
0.1400 26.2 1.8
0.1441 30.0 0.7
0.1450 30.3 1.2
0.1535 38.1 24
0.1586 39.6 2.7

4.1.2 Reservoir Simulation Results

4.1.2.1 East Barrow Gas Field
East Barrow field has been in production since 1981. Reservoir production was simulated
till 1-Mar-2011. Within the almost 30 years of its life, the pool has produced almost 9 Bef
of natural gas (Figure 4.1). The shaly layer has absolutely no impact on production. It can
be noticed by comparing the two models. Moreover, permeability of 5 md is more than

enough for an unrestricted gas flow.
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Figure 4.1: East Barrow Cumulative Gas Production, ft’

In order to monitor fluid dynamics in the hydrate zone a representative location was
selected (I=19, J=19) and saturation values were monitored at various depths (K=1; 5; 10;
15; 20; 25) within that location (Figure 4.2). Gas hydrate saturation variation within the
location is shown in Figure 4.3. The Figure clearly shows gas hydrate saturation decrease
with time in the top and bottom parts of the pay zone. In the middle part, however,

hydrate saturation stays fairly constant with only slight variations.
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Gas saturation trends over time in the representative location are shown in Figure 4.4.
This plot shows a very slight decrease in gas saturation in the top part of the pay zone
after a quick increase in the beginning (note 14% of initial gas saturation in the hydrate
zone). On the other hand, gas saturation in the bottom part decreases with time.
Comparing K layers 5 and 10, it can be concluded that greater depth tends to show larger

decrease in gas saturation.
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Figure 4.4: Gas Saturation Profile

Variation in water saturation with time is shown in Figure 4.5. Even though water
saturation increases in all layers, one can clearly see that in the lower pay zone it

increases to 100% fairly quickly.

Comparison of this plot with that of gas saturation in Figure 4.4, leads to the conclusion
that hydrate dissociation is accompanied by large water dropout. Due to gravity
segregation, gas freed from hydrates tends to flow upward, and water tends to settle

towards the bottommost layer.
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Figure 4.5: Water Saturation Profile

A 3D view of hydrate saturation at the end of simulation is provided in Figure 4.6. Even
though it can be thought that the hydrate has completely dissociated, this is not the case.
Most of initial hydrate saturation has dropped to 5% (out of the color scale). However, in
the lower layers (K=13 to 25) gas hydrate saturation is still significant (Figure 4.7). Some

grid blocks even show an increase in hydrate saturation.

Such a fluid saturations change is likely happening due to water dropout from the upper

layers and gas penetration from the free gas zone located downdip.



East Barrow Reservoir Model
Solid Phase Conc vol frac(HYDRATE) (ft3/t3) 2011-03-01

File: Tnput_ 25
User: Bahram
Date: 6/26/201

Z/X: 37.00:1

0.70
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Gas saturation distribution has dramatically changed by the end of simulation, as is
displayed in Figure 4.8. However, in the lower layers (K=20 to 25), gas saturation is

insignificant (Figure 4.9).

This pattern can be interpreted as due to the accumulation of gas freed from hydrates by
hydrate dissociation in the top portion of the reservoir, with a significant amount of gas
hydrates remaining in the lower layers. This remaining gas hydrate could still contribute

considerably to gas production.

East Barrow Reservoir Model
Gas Saturation 2011-03-01

File: input_25g]
User: Bahram
Date: 6/26/201

Z/X:37.00:1

Figure 4.8: Gas Saturation at Simulation End — 3D View

Water saturation shown in Figure 4.10 decreases in the hydrate zone due to water
migration downward. The bottommost layers (K= 23 to 25) have water saturation of

100% almost everywhere (Figure 4.11).

Some portion of the free gas zone is swept by the aquifer. Hydrates are most likely still

present in the bottommost layers, but no free gas.
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East Barrcw Reservoir Model
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File: iﬂput_25laﬂ
User: Bahiram
Date: 6/26/201

Z/X: 37.00:1

Figure 4.10: Water Saturation at Simulation End — 3D View
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Figure 4.11: Water Saturation at Simulation End (K Layer 23) — IJ Plane View

Reservoir temperature increases with production throughout the field (Figure 4.12).
Average increase of 4-5°F is observed in the gas hydrate zone. In the water leg, the

temperature increment is around 2°F.

The temperature increase could be happening likely due to warm aquifer flux. Overall

increase in temperature should contribute to hydrate dissociation.

Reservoir pressure generally decreases with time reaching as low as 885 psi in the
hydrate cap (Figure 4.13). Hence, pressure drop in the top of the hydrate layer is around
90 psi, whereas at the lowest layer (K=25) it is only 70 psi. In the water leg, pressure
mostly stays constant at 975 psi. Some regions at the edges of reservoir show a slight

increase of 5-20 psi.

The dynamics of fluid contacts are presented in Figures 4.14 to 4.19. Figures 4.14 and
4.15 are colored with respect to gas saturation, Figures 4.16 and 4.17 denote hydrate

saturation and Figures 4.18 and 4.19 represent water saturation.
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Figure 4.12: Temperature Distribution at Simulation End — 3D View

East Barrow Resernvoir Model
Pressure (psi) 2011-03-01
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Figure 4.13: Pressure Distribution at Simulation End — 3D View
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Figure 4.14: Initial HGC and GWC — IK Plane View
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Figure 4.16: Initial HGC - IK Plane View
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Figure 4.17: HGC at Simulation End — IK Plane View
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Figure 4.18: Initial HGC and GWC — IK Plane View
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Figure 4.19: GWC at Simulation End — IK Plane View
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Changes in Figures 4.14, 4.15, 4.18, and 4.19 demonstrate GWC movement and prove
water sweep. The GWC shifted from 2080 ft to 2070 ft (about10 ft). Figures 4.16 and
4.17 indicate clear hydrate dissociation. More dissociation happened at the top layer of
the pay zone. This can be likely explained by fluid segregation and water dropout

reforming hydrates in the layers located beneath.

4.1.2.2 Walakpa Gas Field
The Walakpa gas field has been producing natural gas since October 1992. In almost 19
years of operation it has produced 22 Bcf of gas (Figure 4.20). Field production was
simulated till 1-Jun-2011.
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Figure 4.20: Walakpa Cumulative Gas Production, ft’

Gas hydrate saturation at the end of the simulation period is shown in Figure 4.21. Even
though almost no hydrate is observed in the topmost layer, like EB field, significant

hydrate saturation remains within lower layers (K=5 to 8) (Figure 4.22).
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Changes in water saturation have two trends: gas zone sweep due to aquifer support and
hydrate dissociation. A 3D view of water saturation distribution is presented in Figure
4.23. Water saturation in the lowest layer (K=10) of the hydrate portion increased to
about 95-100% (Figure 4.24). Also observed was that hydrate saturation in the same
portion of reservoir had decreased to almost 0%. Most likely water released from

hydrates settles in the lowest layer as a result of gravity.

WALAKPA RESERVOIR MODEL
Water Saturation 2011-06-01

File: COARSE
User: Bahram
Date: 6/26/201

IZ/X: 20.00:1

Figure 4.23: Water Saturation at Simulation End — 3D View

Reservoir temperature decreases with production throughout the field. Close to the
hydrate zone, the temperature drop is about 2°F, whereas around the producers the drop
reaches 5°F. The temperature distribution at the end of simulation is shown in Figure

4.25.

The difference in temperature behavior between Walakpa and East Barrow fields could
be due to different well placement: wells are drilled into hydrate zone in East Barrow

field, whereas in Walakpa field all the wells are in free gas zone.
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Figure 4.25: Temperature Distribution at Simulation End — 3D View

68



69

In 19 years of production, reservoir pressure has decreased only slightly. This is most
likely due to the strong aquifer specified properly in the model. Average pressure drop
throughout the reservoir is between 50 and 100 psi. In the regions adjacent to producers it

reaches 200 psi. Pressure distribution at the end of simulation is shown in Figure 4.26.
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Figure 4.26: Pressure Distribution at Simulation End — 3D View

Figures 4.27 and 4.28 display initial and current (end of simulation) gas saturations and
the resulting HGC, respectively. The gas saturation has increased in the upper layers of
hydrate, whereas it has decreased in the lower layers. This can be explained by hydrate

dissociation phenomena. Overall, HGC rose for about 10 ft in depth.

Initial and final hydrate saturation variation at the HGC is displayed in Figures 4.29 and
4.30. Hydrates gradually dissociate with time, which indicates proper specification of
hydrates and reaction parameters. Water saturation also changes with simulated
production, resulting in a change in the GWC depth. This can be observed from Figures
4.31 and 4.32. Total rise of GWC is about 8 ft.
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WALAKPA RESERVOIR MODEL

T T T T T T T
0¥0‘'C 0£0°C 020C 0L0'C 000'C 066'L 086'L 0/6'L 096°L

-Gas Saturation 2011-06-01 | layer: 77
4,000

T
3,000

0.00 260.00
0.00 80.00

520.00 feet

4,0‘00

2,030 2,020 2,010 2,000 1,990 1,980 1,970 1,960 1,

160.00 meters

File: COARSE
User: Bahram
Date: 6/26/201

Scale: 1:4022
Z/Y:20.00:1
Axis Units: ft

0.45
IO.41
0.36

—0.32

—0.27
—0.23
—0.18
—0.14
0.09

JO.OS

—0.00

Figure 4.28: Current HGC and Gas Saturation — JK Plane View

70



&

0¥0'Z 0€0°C 020 0L0'C 000'C 066'L 086'L 0/6'L 096°L

3,000

3,0‘00

WALAKPA RESERVOIR MODEL

Solid Phase Conc vol frac(HYDRATE) (ﬂ3/ﬂ3) 1992-10-01

4,000

HGC

0.00 260.00

| layer

2,030 2,020 2,010 2,000 1,990 1,980 1,970 1,960

520.00 feet
160.00 meters

(77

rue: COARSE

User: Bahram
Date: 6/26/201

Scale: 1:4022
Z/Y:20.00:1
Axis Units: ft

0.49
l0.44
=10.39
—0.34
=0.29
0.24
0.19
= 0.15

0.10
I0.05
0.00
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Figure 4.31: Initial GWC and Water Saturation — JK Plane View
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Figure 4.32: Current GWC and Water Saturation — JK Plane View
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4.1.3 New Walakpa Wells

Four planned horizontal wells were incorporated to the model successfully. Well
locations were recalculated from given X and Y coordinates into the CMG grid block
system. All wells were completed according to the well plans taking into consideration
the appropriate completion lengths. A snapshot of the reservoir with new wells is
provided in Figure 4.33. In order to display the completion, reservoir transparency was

set to 30% and gridlines were switched off.

Figure 4.33: New Horizontal Wells in Walakpa Reservoir (Outlined in Blue)
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4.1.4 Forecasting Study

Production forecasting was performed for two cases. Both cases were run for 20 years,
from present day to 1-Jun-2031. The first case involved only the existing vertical wells. A
cumulative production profile for this case was obtained from the simulation and is

displayed in Figure 4.34. It shows ultimate production of 54.85 Bcf.
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Figure 4.34: First Case Cumulative Gas Production (only existing wells), ft’

The second forecasting case involved existing vertical wells and four new horizontal
wells. Since a start date for production from the new wells is unknown, the wells were
modeled as starting production on 1-Sep-2011. This case was also run till 1-Jun-2031. A
production rate of 0.7 MMscfd was assumed for each horizontal well. Resulting ultimate

production for the second case comprised 74.60 Bcf (Figure 4.35).



75

8.00e+10 1 1 ] | | | | |
~6.00+104 -1 ------ e e e e e e e
2 l l l l l l i l
o l l l l l l l l
» l l l l l l l l
[} | | | | | | |
«Q | | | | | | | |
04_Ooe+10—***f ****** e e e e e e R e e i TRl e
[} | | | | | | | |
= l l l l l l l l
E | | | | | | |
3 l l l l l l l l
E | | | | | | | |
= | | | | | | | |
O 2.00e+10 ——+-----~ e ——— . e I e
0.00e+0 f f f ‘| ‘| ‘| ‘| ‘|
1995 2000 2005 2010 2015 2020 2025 2030
Time (Date)
‘ Cumulative Gas SC ‘

Figure 4.35: Second Case Cumulative Gas Production incorporating all existing wells and

four planned wells, ft

Forecasting simulation runs are summarized and compared with production to date (1-

Jun-2011) in Table 4.1.

Table 4.1: Summary of Production Simulation for Walakpa Field

Cumulative Gas Gas Recovery, Cumulative Water
Production, Bcf % Production, bbl
Production to date
21.98 3.78 84
(until 1-Jun-2011)
9 Wells Forecast
54.85 9.42 212
(until 1-Jun-2031)
With New Wells
74.60 12.82 297
(until 1-Jun-2031)
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4.1.5 Horizontal Permeability

Vertical permeability (k,) was assumed equal to horizontal permeability (ki) in both
models (ky= ky), (Singh, 2008). However, such assumption was made due to limited
amount of well data. Vertical permeability (k) tends to be lower than horizontal due to
depositional phenomena. The difference can be quite significant. To assess the impact of
aforementioned assumption several runs of East Barrow field simulation model were

performed varying the value of ky/ky. Six values of ky/ky, were assumed.

The impact of difference in k/k; on cumulative production is displayed in Figure 4.36.
The difference between the highest cumulative production at ky/k;, = 1 and the lowest one
at ky/kn = 0.1 is equal to 35.26 MMscf. Taking into consideration almost 30 years of

production, this difference can be regarded as fairly insignificant.
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Figure 4.36: Dependence of Cumulative Production on ky/kp



4.2 Well Choking Study

Well choking study was performed to assess production decline phenomena. The study is
of key importance since higher production rates lead to sooner rate drop. Several
scenarios were simulated and examined, of which three representative ones were selected

and displayed in detail. Well production rates were the only difference between the

scenarios.

In the first case, the well was producing constantly at a specified rate of 10 Mscfd for
about 9.8 years when the rate dropped to as low as 80 scfd (Figure 4.37). Since no actions
were assigned for the well in case of production drop, the well was kept open and the

production rate gradually increased with time. The rate reached 5.7 Mscfd by the end of

simulation (15 years).
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Figure 4.37: Production Profile for the First Case (10 Mscfd)
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At the time of rate drop, an increase in hydrate saturation around the wellbore was
observed (Figure 4.38). At first, hydrates started forming above the perforations,
consistently occupying more pore space in a downward direction. At the moment of rate
drop hydrates most likely obstruct fluid flow all around the wellbore. The distance from

perforations to hydrate bond ranges between 5 ft and 10 ft.
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Figure 4.38: Hydrate Saturation (Sp) After 9.8 Years of Production at 10 Mscfd

For the second case, gas production rate was increased threefold to 30 Mscfd. In this case
the well died faster after 5.8 years of constant production at the specified rate (Figure
4.39). The rate dropped first to 1.6 Mscfd, and in several months to even 0.7 Mscfd. In
this case as well as in the previous one, the well was kept open. The rate started to
increase gradually, ending up at a value of 13.1 Mscfd by the end of simulation (15

years).
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Figure 4.39: Production Profile for the Second Case (30 Mscfd)

The gas hydrate bond around the well formed faster in the second case (Figure 4.40),
which could possibly be explained by the Joule-Thompson effect taking place more
intensively due to faster dissociation. The bond also formed around the wellbore more

uniformly than in the first case.

In the third scenario, well rate was increased to 100 Mscfd which led to even more rapid
choking. The well produced at initial rate for 3.2 years before production rate declined to
0.17 Mscfd (Figure 4.41). Similar to previous cases, the well remained open and kept
producing at low rate with only slight increase. By the end of simulation the production

rate reached 11.3 Mscfd.
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Figure 4.40: Hydrate Saturation (Sy) After 5.8 Years of Production at 30 Mscfd

In this case hydrates formed around perforations had the most uniform distribution
(Figure 4.42). A conclusion was made that the hydrate bond distribution around the
wellbore is rate-controlled. Hydrate bond distance from the well was close to 10 ft,

analogous to other cases.

Generally all three cases showed hydrate reformation around the wellbore. Longer
production at constant rate required smallest rate value. However, it surely impacted the
cumulative gas production. At higher flow rate substantially more gas is being produced,

even though the well rate declines earlier.
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Figure 4.41: Production Profile for the Third Case (100 Mscfd)
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In all cases after production rate drops with choking, it starts to increase gradually. It is
likely happening as a result of reformed gas hydrate dissociation taking place in radial
direction around the completed interval. Radial direction of dissociation front could
explain the progressive flow rate growth. Gas flow rate could possibly approach some

optimum value at which the well produces steadily.

Cumulative production of the three cases plotted on Figure 4.43 clearly shows that the
third case before the choking produces more gas than the other two throughout the

simulation time (15 years).
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Figure 4.43: Cumulative Production Comparison of All Three Cases

A representative grid block (10, 1, 7) adjacent to the wellbore was selected to assess gas
hydrate stability according to pressure and temperature (Figure 4.44). Five well rates
were selected: 1, 10, 30, 60, and 100 Mscfd respectively. The rates of 1 and 60 Mscfd
were selected in addition to previously described rates to get the better picture and fill

possible gaps. Pressure and temperature in the representative grid block were recorded
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for all the cases at the moment of the highest rate case choking (3.2 years). Obtained

points were plotted on the chart along with hydrate equilibrium curve developed by Singh
(2008) (Figure 4.45).
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Figure 4.44: Representative Grid Block (10, 1, 7)
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Figure 4.45: Hydrate Equilibrium Curve

According to Figure 4.45, all the points fall into hydrate stability region. It means that gas

hydrates should be present in all of the cases which is consistent with the study results.

This study was performed to assess the reason of production decline in the BGF. The
simplest way to overcome well choking is further depressurization. Well stimulation

could be another, yet more expensive solution.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 BGF Reservoir Simulation

Existing gas hydrate reservoir simulation models were successfully rebuilt and modified
according to hydrate specification procedures. Reactions were specified with all required
coefficients and appropriate parameters. Some reservoir property initializing formulas
were redefined. Hydrate specification adequacy was properly tuned up via sensitivity
studies for both models. They were updated with the latest production data, and
production was simulated. It was observed that with gas hydrate dissociation, released

water tends to drop off whereas gas occupies the upper portion of the pore space.

5.1.1.1 East Barrow Gas Field
Some portion of hydrates initially existing within the field dissociated with production,
however, hydrates were still present in considerable amounts, especially in the middle
layers of the field. Gas being released from hydrates accumulated in the upper layers of
the field. Swept gas—water contact moved about 10 ft in vertical direction displacing free
gas. Temperature increasing across the field implies further hydrate dissociation and gas
release. Pressure in the upper portion of the field has decreased which is also favorable

for hydrate dissociation.

5.1.1.2 Walakpa Gas Field
Having large gas reserves, the Walakpa field is capable of long-term production and
extensive development. Due to this fact the field requires detailed study. The field has a
very strong aquifer that caused reservoir pressure decline to be quite low, even after 19
years of production. The forecasting study for the Walakpa field showed negligible rate
decline. Fluid contacts, both hydrate—gas contact and gas—water contact, shifted by 10 ft
in vertical direction. Preliminary runs estimated reserves to be sufficient for another 100
years. However, there were limited data available while building the model. Drilling the

new wells could contribute significantly to model improvement. Four horizontal wells to
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be drilled in the field were successfully initialized. Since logical limitations of new
horizontal well flow rates are still unknown, they were assigned to produce at 0.7

MMscfd. They were also accounted for in the production forecasting.

5.1.2 Well Choking Study

A simplistic simulation model was built for the study. The three cases considered for the
test showed hydrates forming in the near-wellbore zone. With a higher production rate,
hydrates appeared to form more uniformly and faster around the perforations. After the
blockage, wells continued low production with gradual increase in flow rate. In all of the
cases, the rate did not stabilize by the end of simulation, probably because it was
approaching a certain rate value adequate for the model. Volumetric limitations of the

model likely prevented rate stabilization to be observed.

5.2 Recommendations
a. BGF simulation models could be updated with more precise relative permeability

data. This would require detailed laboratory experiments on field core samples.

b. East Barrow field gas production could be increased by bringing the existing wells
online. This could be performed in stepwise well-by-well manner, letting gas
hydrates which previously reformed around the wellbores gradually dissociate.
This proposal is supported by the results of well choking study. It is likely the

most economical way to obtain incremental gas production.

¢. In order to achieve more realistic simulation and improve history matching, more
data would be required for the Walakpa simulation model. This could be
accomplished by using data from the new horizontal wells. Reservoir properties
that require adjustment would be absolute permeability and fluid saturations.
Temperature data obtained from the new wells would also help to understand

thermal dynamics of the field.
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d. Assessment of horizontal well capabilities is important for improved production
forecasting. Actual flow rates of the new horizontal wells would give a better

picture in general.

e. Short-term well shut-ins could prevent hydrate formation in the near-wellbore
zone by letting formation pressure and temperature stabilize. If shut-ins are not

possible, reductions of rate could delay the choking effect substantially.

f. Well choking, including the possibility of horizontal well choking, should be
studied in more detail. Various reservoir properties should be considered in order
for researchers to understand the process deeply, beyond the limitations of the

used model.
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APPENDIX A. Fluid Component Properties
Three components were initialized in both EB and WAL simulation models: methane

gas, water, and gas hydrate. Figure A.1 displays the component specification tool.

| Component and Phase Properties [éj
Component definition | K values l Densities | Liquid phase viscosities | Gas phase viscosities | Enthalpies | General|

# |Compenent Aqueous Oleic Gaseous Solid PCrit TCrit MW

psi F Ib/lbmale
1 WATER Reference phase K-value partitioned 0 32 18
2 |CH4 Reference phase 667.174 -116.59 16.043
3 |HYDRATE Reference phase 11954408
[[]Use Ideal Gas Law Add/Edita Component ] ’ Delete Selected Component
7l Enable ice option (set MINTEMP keyword in Numerical
— section to less than 0 C)
By

l 0K J l Cancel l Apply

Figure A.1: Component Initialization

Hydrate dissociation (forward) reaction: 1Hydrate = 5.75H,0 +1CH,

Hydrate formation (backward) reaction: 5.75H,0 +1CH, = 1Hydrate

Gas hydrate dissociation and formation reaction parameters are provided in Figures A.2

and A.3 respectively.
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i | Reactions @

Reaction D] E

ltem Default Value Achianced

Reaction frequency factor (... 1.097058e+13 I Reaction Rate » ]
Enthalpy (negative for end.. |0 Btuflbmole -22295.1255 Biuflbmole I B piar o i s ]
Activation energy (EACT) 0 Btuflemole 38546.9 Btuflomole

Burning zone temperature |... [446F

Burning zone temperature u... | 31406 F

ftem WATER CH4 HYDRATE
Agqueous Gas Solid

Reactant stoichio... |0 0 1

Product stoichiom... |5.7501 1 0

Componentreacti... |0 ] 1

Reacting in phase ... [Not set/appli g Not set/app Y solid phase b

Concentration fact.. |[_] [l ]

Critical value of co...

1 HYDRATE ==> 57501 WATER + 1CH4
Reaction 1 has a mass balance error of 0.000301143 percent To reduce positive error, increase reactant coefficients. To reduce negative error, increase
product coefficients

OK l ’ Cancel ] Apply

Figure A.2: Forward Reaction Initialization

# | Reactions lihj

Reaction: 2 ¥ E

[tem Default Value LR

Reaction frequency factor (... 1.0970582+13 [ Reaction Rate 4 l
Enthalpy (negative forend... |0Btu/lbmole 22294 .9 Biu/lbmole ’ A e T l
Activation energy (EACT) 0 Btu/lbmole 38546.9 Btu/lbmale

Burning zone temperature .. |446F

Burning zone temperature u... | 31406 F

[tem WATER |CH4 HYDRA..
Aqueous Gas Solid
Reactant stoichio... |5.75 1 0
Product steichiom... [0 a 1
Componentreacti... |1 1 o

Reacting in phase . |Water ph‘ Gas pha Y Notset/a”

Concentration fact. |:| |:| |:|

Critical value of co...

J5WATER + 1CH4 == 1HYDRATE
Reaction 2 has a mass balance eror of 0.000451718 percent To reduce positive errar. increase reactant coefficients. To reduce negative error. increase
product coefficients

[ OK ] l Cancel

Help

Figure A.3: Backward Reaction Initialization
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Wellbore diagram 'EB#12' date 1981-12-01
{Block center connections)

7 i Legand: Model perforations  Trajectory parforations
(f) 1 open — peroration
L —_— id traatmant
e _ ksooi % :uo:a :a:;entasquilzs

1920 — . 1 . Grid block center

- - I e Rasarvair boundary

- 3

- 4
1825 — . 5

- -]

" . Grid Block Table

. | s # |Block UBA | Perf Type | TVD Entry (ff) | T =
1 B 1 |20201 OPEN 19195 1

. 1 2 |20202 OPEM 1920.7 197

. v 3 (20203 OPEN 19220 19
1935 = - 13

| 4 (20204 OPEN 19232 1€

* 15 5 120205 OPEM 1924 4 i
154 i ¥ 6 |20206 OPEMN 19257 15

. | 720207 OPEMN 1926.9 15

2 ” 8 |202038 OPEMN 19282 1€ «
1645 = 4 |Tr_T| b

. 14

- b}
1960 — - -

. 2
1955 - - )

- 4

. 23

10608 —-

L

T T T T T T

o] 5 10 15 20 25 X ()

Figure B.1: Wellbore Diagram of EB #12
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Wellbore diagram 'EB#14' date 1981-12-01

{Block center connections)

z Lagand: Modsl perforations  Trajectory perforations
(f) 1 open — perlaration
] auto s ACid raatment
_ koo ] dlosa camant Squeaze
- 1 . Grid block center
1850 — = - A ot Rasareair boundary
- 3
- 4
1955 - z 5
- 5] =
— . Grid Block Table
R0 P # |Block UBA | Perf Type | TVD Entry (ft) | T =
i 1 |26.16.1 OPEN 19477 1€
10 =
1965 = : - 2 |26.162 CPEN 19494 197
. | 12 3 (26163 OPEM 19511 1€
o . 4 [26164 OPEN 19528 1€
- 14
. | s 5 |26.165 OPEN 19545 1€
— = | ® 6 |26.166 OPEN 1956.2 18
. | 7 |26.16.7 OPEN 19579 15
8 |26.168 OPEN 19596 1€ -~
1980 - e =
< | r
- 14 -
1285 —
- kil
- pal
1980 <
- &2
1985 — e
k2
2000 -
25
20025 —-
hJ
T T T T T T T T
u] S D 15 20 25 a0 35 X [m)

Figure B.2: Wellbore Diagram of EB #14



Wellbore diagram 'EB#15" date 1981-12-01
{Block center connections)

i Legend: Model perforations  Trajectory perforations
/1 open — pedlaration
id tm
_kanom = o i g
2085 . 1 . Grid block center
. -/ L Resarvoir boundary
- 3
- 4
2070 * 5
- G )
=1 7 Grid Block Table
. | = # | Block UBA | Perf Type | TVD Entry (f) | T =
2075 o
:ﬂ 1 (19271 OFPEM 20645 2
11 2 19272 OFPEM 2065.8 2N
— . 3 |19273 OPEN 2067.0 . (I
- i3
i 4 19274 OPEM 2068.3 20
1 5 19275 OFEM 20696 20
2085 — * 6 (19276 OPEN 20708 2C
7 7 |19277 OPEMN 20721 20
" 8 |19.278 OPEMN 20734 A -
2080 < [in] b
19 i
kil
2005 -
Fal
&2
2100 =
b
4
2105 -
21067 —-a
h J s
T T T T T T
1] 5 10 15 20 25

X ()

Figure B.3: Wellbore Diagram of EB #15
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Wellbore diagram 'EB#18' date 1981-12-01
{Block center connections)

z Legand: Muodel perforations  Trajectory parforations
() [ apen — pErforation
/] auto acid treatmant
1940 = KB 0.0 ity ] dosa camant Squaazea
. 1 . Grid block centar
» - Rasarvair boundary
- 3
1845 — 2 .
- B
- G )
- . Grid Block Table
it . | e # |Block UBA | Perf Type | TVD Entry (ff) | T =
- 1 |25201  OPEN 19400 15| |
. 0 2 25202 OPEM 19413 15 -
1855 — = L 3 |25203 OPEN 19426 1€
- 13
S 1 4 |25204 OPEN 19433 1¢
. 15 5 125205 OPEN 19451 15
e = | e 6 |25206  OPEN 19464 16
. ) 7 |2520.7 OPEN 19477 15
8 |25208 COPEM 1949.0 1€ +
1965 - . 3 =
« ] 3
- 1@ e
1970 o = l
- Fa
1975 - &2
- x|
4
1580 —
25
189826 -
hJ i
T T T T T T
1] 5 in 15 20 25 X ()

Figure B.4: Wellbore Diagram of EB #18



Wellbore diagram 'EB#19' date 1981-12-01
{Block center connections)

7 it Legend: Muodel perforations  Trajectory perforations
(") 1 open — Erlaralion
auto — I traatmEnt
_ kB oo % closa camant squeaze
1925 = L 1 . Grid Block centar
- 2 mmm——- Rasarsoir boundary
15275 | 2 ’
- 4
- =1
1830 — " g
. 7 Grid Block Table
1832.5 - * e # Block UBA | Perf Type | TVD Entry (f) | T =
g
. 1 21,221 OPEM 19243 1€
1935 o . L =
. M 2 |21.222 OPEN 19254 1€~
1837.5 - — 3 21223 OPEN 19265 1€
. 14 4 121224 OPEMN 19276 15
1940 7 " 5 |21225 OPEN 19287 1
i & 6 [21.226 OPEN 19293 1€
. 1w 7 (21227 OPEN 19309 1€
L b . 8 (21228 OPEN 1932.0 1€«
10475 = 4 |£| k
- 19
1850 - . =0
18625 | -
w a2
1865 —
. |
1857 5 —
4
1960 =
10613 -
18625 — v
I ] T T I I ] ] T I
0 25 5 7.5 10 125 15 175 20 225 25 KM

Figure B.5: Wellbore Diagram of EB #19
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Zif)

18355 -

1240 =

1845 —

18250 =

19565 —

1560 -

1965

18970 =

1875 =

10707 =

Wellbore diagram 'EB#21' date 1990-11-01
{Block center connections)

Legend: Model perforations  Trajectory perforations
/1 open — perioration
] auto acid freatment
_ kennd ] dosa camant squeaze
- 1 . Grid block center
& [ I [ Rasareair boundary
- 3
- 4
L] a
] -]
1 - Grid Block Table
.| s # |Block UBA | Perf Type | TVD Entry (ff) | T
= i] 1 23181 OPEN 19361 15
- 1 —
. 1 2 (23192 OPEN 19365 1¢
. ¢ 3 |23193 OPEN 193786 18
- 13
— . 4 |23194  OPEN 19392 1¢
. 15 5 |23195 OPEN 19405 18
* 1 6 (23196 OPEN 189419 15
. 7 723197 OFEN 19433 15
N . 8 |23.198 OPEN 1944 6 15 «
<« [ 3
- 14 -
- 0
- P
. 2
- 3
4
25
-
hJ
T T T T T T T
1] 5 10 15 20 5 an

X ()

Figure B.6: Wellbore Diagram of EB #21



APPENDIX C. Wellbore Diagrams of the Existing WAL Wells

Wellbore diagram "Walakpa#2' date 2000-04-01
(Block center connections)

2 Legend:  Model perforations  Trajeciory perforations
[ open parforation
K800 e ol paml
2545 - Grid block centar
ceeene-  Resenvol boundary
2650 —
N Grid Block Table
88 | # |Block UBA | Perf Type | TVD Entry (f) | T =
N . 1 49231 OPEN 25522 28
| 2 (49232 OPEN 25558 2t
. N . 3 (49233 OPEN 25595 28 _
| 4 (49234 OPEN 25632 25 T
2565 — | 5 (49235 OPEM 2566.8 2E
| 6 |49.236 OPEN 25705 26
&l s 7 (49237 OPEN 25742 2t
S - 8 (49238 OPEN 25778 2€
| . o r
2575 = [
2580 &) 8
- q
2585 o -
- 10
25888 - —
! T T T T T T
Q & 10 15 20 25 ] X |ft)

Figure C.1: Wellbore Diagram of WAL #2
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Wellbore diagram "Walakpa#3' date 1992-10-01
(Block center connections)

2 Legand:  Model perforations Trajeclory parforations
(f} 1 open perforaton
) T awie ackd treatmeant
2330 < KB 0.0 [ close cament squeszs
. Grid block cantar
=sa===  Resarvol boundary
23325 < |
- 1
2335 =
Grid Block Table
23375 — «| 2
# |Block UBA | Perf Type | TVD Entry (ff) | T =
—_— B 1 49341 OPEN 23329 22
«| 2
2 |49342 OPEN 23359 22
29425 [ | 3 |49343 OPEN 23389 2| =
. ¢ 4 149344 OPEN 23418 s
2345 | 5 149345 OPENM 23448 2
a = 6 |49346 OPENM 23477 22
il — 7 (49347 OPEN 2350.7 23
ol s 8 49348 OPEN 23537 PR
2350 =
- < [ b
23525 o 7
2385 - .
23575
- a9
2360 - |
- 10
23825 - —
b
T T T T T T T T T
0 25 5 Ta 10 12.5 15 17.5 20 22.5 X (ft)

Figure C.2: Wellbore Diagram of WAL #3
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Wellbore diagram "Walakpa#4' date 1992-10-01
(Block center connections)

Legend:  Model perforations  Trajectory perforations

=i ] op=n = perforaton
] awt m— 2CE] fraal t
KB 0.o{m — ::nga cama:?;::.?aze
2115 | . Grid block centar
[P P s=ee===  Reservol boundary
- 1
2117 56 =
2120 - = 2 x
Grid Block Table
B # |Block UBA | Perf Type | TVD Entry (f) | T =
s o - 1 |49451 OPEN 21156 21
- 2 |49452 OPEN 21184 21
wE .| - 3 [49453  OPEN 21212 21 -
a 4 |49454 OPEN 21240 21
1 M . 5 (49455  OPEN 21269 21
6 |49456 OPEN 21297 2
i 7 |49457  OPEN 21325 21
- [}
8 (49458 OPEN 21353 21+
2325 —— =
« [ b
- T
2135 ||
- ]
2137.5 <
- ]
2140
21425 & 0
21438 e
)
T ] | 1 | ] | | L
4] 2.5 5 15 10 12.8 15 17.5 20 X (ft)

Figure C.3: Wellbore Diagram of WAL #4
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Wellbore diagram "Walakpa#3' date 1992-10-01
(Block center connections)

zim Legend:  Madel perforations Trajeclory perforations
[ ogen . perforation
K800 Y £ cose ok i
- Grid hlock centar
m=me==e  Reseroir boundary
21025 -
2105 =| - 1
s | Grid Block Table
' B # |BlockUBA | Perf Type | TVD Entry (f) | T =
S [ 1 |[61.431 OPEN 21038 21
2110 =
N 2 (61432 OPEN 2106 4 21
— 3 (61433 OPEN 21091 21 =
21125 -
& ! 4 (61434 OPEM 2111.7 21
3 = 5 |61435 OFEN 21144 21
115 =
o 5 6 (61436 OPEN 21170 21
; L 7 |6143.7 OPEN 21196 21
117.5 =
- B 8 |(B1438 OPEN 21223 21
|| « [ b
2120 o ——
- T
MEzs5 o =
- a
2125 - —
& q
NITE A =
[ M
21307 —- —
¥
T T T T T T T T T
4] 25 3 .5 110 12.5 15 17.5 20 X (ft)

Figure C.4: Wellbore Diagram of WAL #5
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Woellbore diagram "Walakpa#6' date 1997-04-01
(Block center connections)
2 i Legend:  Model parforations Trajectony perforations
L ] open » parforation
- au acid treat t
2R KB 0.0 {ft) % crn:e cema:ﬁ El::.I:"BZE
. Grid block center
site o amssees  REserol boundary
24275 | 1
s ol - Grid Block Table
L # |Block UBA | Perdf Type | TVD Entry (f) | T =
24325
o 1 (62301 OPEMN 24258 24
— 2 (69302 OPEM 24289 24
3 (69303 OPEM 24320 298
L] 4 o
24375 4 (69304 OPEM 24352 24
| 5 69305 OFEN 2438.3 24
sl ts Bl C 6 |[69.306 OPEN 24414 24 |
] 7 |69.30.7 OPEN 24445 24
24425
- & (69308 OPEN 24477 29 -
2445 ] 1 IE' 4
- T
2447 .5 = ||
- 4
2450
2452.5 s 3
2455 =
- il
2457 L
¥
T T T T T T I T T T
0 25 5 75 10 125 15 175 20 25 Xift)

Figure C.5: Wellbore Diagram of WAL #6
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Wellbore diagram "Walakpa#7' date 1992-10-01

(Block center connections)

zim) Legend:  Maodel perforations  Trajeclory perlarations
[ open poerforaton
22175 < - Grid block center
| m==a=== Reservoir boundary
- 1
2220
22325 . 2
Grid Block Table
soos # Block UBA | Perf Type | TVD Entry (f) | T =
. 3 —
1 29431 OPEM 22180 22
20275 [ 2 (29432 OFEN 22210 27
B ¢ 3 (29433 OPEM 22240 2z =
7230 - — 4 (29434 OPEM 22270 22
o| 5 5 (29435 OPEM 22300 2%
22325 o L] 6 |29436 OPEM 22330 2
3 7 |29437 OPEM 22360 2
28— 8 |29438 OPEN 2239.0 pr|
| <« (] b
22375 - a| 7 -
2240 =
™ ]
22425 i
al 2
2245 - -
# 10
22480 <= e
T
T T T T T T T T
] 2.5 7.5 10 12.5 15 17.5 20 X {ft)

Figure C.6: Wellbore Diagram of WAL #7
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Wellbore diagram "Walakpa#8' date 1992-10-01

(Block center connections)

Legend:  Model perfarations Trajeclony perlarations

b [ open = perforaton
2395 — 1 awio ackd treatmend
KB U0 [ cloze cemant aqueeze
F - L Grid block center
2997 5 - smss=se Reservol bowndary
L] 1
2400 - |
- 2
a1 - Grid Block Table
o # |Block UBA | Perf Type | TVD Entry (ff) | T =
2405 < ==
) 1 (28321 OPENM 23964 22
—— 1. 2 28322 OPEN 23997 24
3 |28323 OPEN 2403.0 29 _
2410 - [ 4 128324 OPEM 24063 24
| 3 5 |28325 OPEM 24096 24
S - - 6 |28326 OPEM 24129 24
ol s 7 |28327 OPEM 24162 24
2415 o
& |28328 OPEM 24194 2 -
24175 = . 7 1 |ﬂ| 4
2420 |
- ]
28225 o ke
[ a
2425 <
24275 H | 0
24783 |- L
2430
L
T T T T T T T T T T
] 2.5 5 ] ] 12.5 15 1756 20 225 X {ft)

Figure C.7: Wellbore Diagram of WAL #8
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Wellbore diagram "Walakpa#9

" date 1992-10-01

(Block center connections)

zim Legend:  Modael perforations  Trajeclory perforations
L : opEn perforation
2370 4 » Grid block cantar
=T cmcecoe  Reseryoi boundary
23725 o
2375 A
- 2
Grid Block Table
2377.5 < |
# |Block UBA | PerfType | TVD Entry (f) | T #
- i | S
o 1 38321 OPEM 23708 23
[ 2 (38322 OPEM 23741 2
23825 - _ 3 |38323 OPEM 23713 2 L
— 4 (38324 OPEN 23805 2
2385 ~ o s 5 |38325 OPEM 23837 23
|| 6 (38326 OPEM 23869 23 M
R . 7 |38327 OPEN 23901 27
- 8 (38328 OPEM 23933 2
B < [m] b
23825 ; I
2395 - = L
23475 =
- 9
2400 =
- 10
24030 - —
Y
T T T T T | T T T T
0 25 3 1.5 10 12.5 15 17.5 20 225 X(f)

Figure C.8: Wellbore Diagram of WAL #9
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Wellbore diagram "Walakpa#10' date 1992-10-01

{Block center connections)

Legand:  Model perfarations

Trajactory perfarations

=10 [ open perforation
/1 awie acid treatment
2185 KB 0.0 {1 [ close cemant aqueeze
. Grid block canter
_______ Resanol boundany
2975 ==
L] 1
2200 - ||
of 2 Grid Block Table
g = # |Block UBA |PerfType | TVD Entry (f) | T =
. 1 |4042.1 OPEN 21974 2z
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Figure C.9: Wellbore Diagram of WAL #10



APPENDIX D. Wellbore Diagrams of Planned WAL Wells
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Wellbore diagram "Walakpa#11' date 2011-09-01
(Block center connections)
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Figure D.1: Wellbore Diagram of WAL #11
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Wellbore diagram "Walakpa#12' date 2011-08-01
(Block center connections)
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Figure D.2: Wellbore Diagram of WAL #12
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Wellbore diagram "Walakpa#13' date 2011-08-01

[]

(Block center connections)
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Figure D.3: Wellbore Diagram of WAL #13
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Wellbore diagram "Walakpa#14® date 2011-09-01
(Block center connections)
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Figure D.4: Wellbore Diagram of WAL #14



