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Abstract: Based on the availableeasurememndata and literaturen the hydrate deposits

of the South China Sea, a numerical simulation with a new dual horizontal well system has
been carried out. Warm brine stimulation combinethwlepressurization ismployedas

the production method. Two horizontal wells were situated in the same horizontal plane
and they were placed in the middle of the HydB¢aring Layer (HBL). The warm brine

is injected from the left well (LW) into the resvoir, and the right wel[RW) actedas the
producer under constaptessure The simulation results show that the effects of hydrate
dissociation rate, gas to water ratio, and energy ratio are all better than the previous work in
which the dual horizontawells are placed in the same vertical plane. In additibe,
sensitivity analysisindicates that a higher injection rate can enhance tigdrate
dissociation rate andas production ratewhile a lower injection rategives a more
favorable gas to wateatio and energy ratio.

Keywords: marine hydrate gas production; depressurization; warm brine stimulation;
dual horizontal wells; South China Sea
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1. Introduction

Natural gas hydrates are solid crystalline compounds which are formed by water molettules w
small guest molecules under suitable conditions of high pressure and low tempéijatlihee most
typical hydrateforming gas is methane, and natural gas hydrates are found widely distiitptibe
permafrost region andn oceanic accumulations. Cent estimatioa of the hydratecontaining
hydrocarbon gaavailable at standard conditiorenges from 18 to 10® m®, which is twiceas much
as the conventionalfossil energy [2]. The attractiveness of gas hydsates a potential future
energysourceis increasing on account of tleundance of theesource and the growingjobal
energydemands.

There are four main methods for exploiting hydrate from hydrate accumulations: depress{BiZ4tion
thermal stimulation8i 13], inhibitor stimulation[14i 17], and carbon dioxide replacemdiB,19]

The depressurization method has received considerable attention for hydrate dissociation because c
its easy operation and high energy efficiencyevBrthelesssecondary hydrate formation always
occurs in thalissociation process ksingledepressurization because of the cooling effect, and the gas
production rate is quite low when the heat transfer from the reservoir is lif]tethe experimental
investigatios of Li et al [20] indicate that the combinatio of depressurization and thermal
stimulation is favorable for hydrate dissociation. In addition, the combination of depressurization and
thermal stimulation has been verified to be a possible methoft&n energy fromthe permafrost
hydrates in the Mk 2002 well[1].

In recent yeargesearcthasshown that there are rich gas hydrate resources in the South China Sea
region(SCS, Figure 1)21i 24]. Gas hydrate samples were gathered in the Shenhu Area of the South
China Sealuring the scientific expedition conducted by the China Geologic Survey in May 2407
Li et al [10] investigated the gas production performance by the huff and puff method with a single
horizontal well in the Shenhu Area, and the results showedhbagas production rate was lower
than the acceptable standai@dr commercial gas productiorSmilar results wereobtained by
Suet al [25] whena numerical simulation was conducted by the huff and puff method with a single
vertical well. In generalprevious researches have demonstrated d@lsngle horizontal well ol
vertical wellare not favorable for gas production from the South Ching 8&king it important to
consider other well designincluding multiwell configuratiors. The dualhorizonal well system
(shown in Figure 2) is a common well configuration in hydrate depdsie two wells are situated in
the same vertical plane Rattern i, and they are placed in the same horizontal plaRatiern ii. The
gray sectionshown in Figure 2epreserd the whole reservoir because of symmet@pnsequently,
each single unit in Figure 2 includes an upper well and a lower well in the same vertical plane in
Pattern i, and each unit iPattern ii contains a left well and a right well in the samezbatal plane.

As each single unit represents the same region of hydrate reservoir, each pair of injection well and
production well stands for the same regiontlo¢ hydrate reservoir in Pattern i and Pattern ii.
Fenget al [26] carried out a numericaimulationwith Pattern iof gas productiom the South China

Seaby the depressurization combinedth warm brine stimulation method. In their work, the injected
warm brine can be pumped out directly from the upper well at the 118th day when the hgtivatn

the two wells iscompletelydissociatedthenthe effect of warm brine stimulation on gas production

is weakened.
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Figure 1. Map of the South China SEH8].
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The main objective of this study is to investigate the effect of the new dual horizontal well system
on gas production from the South China SEmst a model of a gas hydrate reservoir in the
South China Sea is established accordinthe availablelata. Based oa previous study26], a new
dual horizontal well systenPéttern iishown in Figure 2pis constructed. In this work, the method of
depressurization combined with warm brine stimulation is emploleel.effects othe previous well
configurations and the novel pattern have been compared. In additiersansitiviy of gas production
to the warm brinénjection rates also investigated.

2. Production Strategies and Simulation Approach
2.1. Production Methodand Well Design

The new dual horizontal well configuration shown in Figure 3a is applied for gas production from
marine hydrate accumulations in the South China Sea. The hydrate reservoir in the South China Sea i
similar to a Class 3 hydrate deposit which only consistsachydratebearing layer (HBL)[27].

Konno et al [6] indicated thatsingle depressurization was unpractical for gas production from this
kind of hydrate deposit. Lat al [20] demonstratetdy experimental investigatiathat depressurization
combined with thermal stimulation was profitable for gas production. MoreovergtLial [10]
showed that the increase of injection temperature ddidnited effect on hydrate dissociation.
Feng et al [26] further indicated that warm brine injection had a higkaergy ratio than the
high-temperature brine injection.

Figure 3. (a) Schematic of the marine hydrate reservimirthe South China Sea
(b) the corresponding-B hybrid mesh
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In this work, warm brine stimulation combined with depressurization is employed for gas
production from the hydrate reservoir. As shown in Figure 3a, there are two horizontal wells situated
in the same horizontal plane. The left horizontal well (LA®)sas the injector where warm brine is
injected into the HBL. Meanwhile, gas and water are pumped out from the right horizontal well (RW)
which is conducted under constdhiproduction. The driving force of depressurization is the same as
the previous work26], i n Ruh(iBw A Pwea Pw) is 0.44Pwo. Pw = 9.73 MPa is the constant
well pressure, and’s = 17.47 MPa is the initial pressure of the HBL at the location of the
horizontal well.

2.2. GeometryDomain Discretizationand System Properties

The system properties and geological data which are originated from the limited field measurement
data and the literature data are displayed in Table 1.

Table 1.Physical properties and simulation models in marine deposit of the South China Sea

Parameter Value Parameter Value
Thickness of HBL 50 m Capillarypressure Peap= PR[(S)' ®1 ']
Thickness of OB and UB 24.5m model[28] S = (ST Sa)(Sxal Sin)
Positi f HBL
ostion 160.5 m Sia 0.29
below the ground
Distancebetween two wells 45 m o 0.45
Initial Pg andTg 17.47 MPa,
(at base of HBL) 289.08 K Pox 10°Pa
ka = (Su)"
Relative permeability ke = (S)"®
Sea floor temperatur 277.15 K . _ -
peraturg, Model [29] S =(SaT Sw) / (Sha) T
S =(ST1 Sie) / (Sh) T
GeothermagradientG 0.045 K/m n 3.572
Water salinity (mass fraction) 3.50% NG 3.572
Intrinsic permeability 7.5x10 * fn?
SrG 005
k. = k,= k, (HBL, OB & UB) (=75mD)
Porosity« (all formations) 0.40 Sa 0.30
» . _ Composite thermal koc=kgrot (S22 + S3)
Initial hydrate saturation S,=0.451 conductivity mode[29] (Korw Kord+ Sko,

For this numerical simulation study, the parallel version of the TO4GHNDRATE (T + H) code
is employed[29]. This code contains a kinetic and an equilibriomodel for hydrate formation and
dissociation. By using the experimental data from a cubic hydrate simulator andscaiéohydrate
simulator, Liet al [30,31] have verified the validity of the models of the T+H, and they have also
modified the model.

The hydrate reservoir extends from 1660.5 m to 1759.5 m below sea level. The distance from the
seafloor to the top of the overburden is 160.5 m. The properties of the overburden and underburden ar
the same as the HBL. The pressure and temperature afuhedries above the overburden and below
the underburden are set as constant.réte of the two wellsry is 0.1 m.Twelve grooves are evenly
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distributed along the surface of the well to permit fluidsflow from the reservoir into the
well [32]. For oth wells, the porosityi; the permeabilityk; and the capillary pressure.,, are
assumed to be 1, 5.01%9" °m? (5000 Darcies), and 0, respectivel

Figure 3a shows the geometry and the configuration of the hydrate deposit with a new dual
horizontal well system. It contains a 50 -thick hydratebearing layer which is sandwiched by a
permeable overburden amat underburden. Both of the overburden and the underburden are 24.5 m
whichis large enough for heat and mass exchange with the HBL. Théalizbntal wells are located
at z = 0 m, and thex coordinates of the LW and the RW are 0 m and 45 m, respectively.
Figure3a s hows that the si mulxdtiddn mindigats@awelhspacing h i s
of 90 min a single unit in Figur@b because of symmetry.

Figure 3b displays the unstructured hybrid grid of the hydrate deposit. It includes 12,228 elements,
which are | ocatexd 4md4tnh &x@ne49 oH mf Dhe syimgl e
1 m by assuming that the behavior along the horizontal well is uniform. The elements of the
overburden and the underburden are set as inactive boundaries, which are responsible for the exchang
of heat and mass transfer with the HBL. There siregridblocks in the first cylindrical layer
(r = 0.1 m), which represent the grooves of the well. The warm brine is injected into the reservoir from
these gridblocks in the LW at a constant injection rate, and the pressure of such gridblocks in the RW
is set as consté pressure which is lower than the initial pressure.

3. Simulation Results
3.1. Spatial Distributionsof the New Well Configuratiom the Reference Case

A new well configuration in which the dual horizontal wells are situated in the same horizontal well
plane is employed to produce gas from the marine hydrate deposit in the South ChiDaeSta.
symmetry, only a half injection well (LW) and a half production well (RW) are consid€eesks of
differentwarm brineinjection rats Qj, areconsideredIn order to insure the safety thfe operation
the LW is conducted under depressurization with the sameesure drop as the RW in the initial
40 days, and then the warm brine is injected into the reservoittifrobW.

In this sectiorand the next ssion, we only consider the production behaviors of the reference case.
In the reference caséhe injection rateand the injection temperature of the warm brine are set as
3.6 kg/s and 28C, respectively.The mass fraction of inhibitor in the injectedifme is 3.5%.

The sensitivity analys oftheinjection rate will be discussed in Sectiod.3.

3.1.1. Spatial Distributiorof Sy and Ss

Figures4 and5 show the spatial distributions of the hydrate satureéfpand the gas saturatick
in the whole deposit during gas production of 30 yé&arthe reference caseespectively
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Figure 4. Evolution of the spatial distribution d& during 3Gyear production in the

South China Sea.
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Figure 5. Evolution of the spatial distribution d& during 30Gyear production in the

South China Sea
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As shown in Figureda, two symmetrical cylindrical dissociatianterfacesemerge around the
two wells after 4eday production by the depressurization method. Figarehows that two bulks of
dissociaed gas accumulate around the two wellsing this period Figure 4b shovs that when the
warm brine is injected into the reservoir, the dissociatierfacearound the LW grows quickly, and
it changes into a conicaiterfaceat the end of the first yeaJnder the stimulation of depressurization,
the dissociation front around the RW enlarges and spreads to the bottom of the HBL. As shown in
Figure 5b,c, a considerable amount of gas is accumulated around the LW, and the gas is transferred
from the LW tothe RW under the effects te pressure gradienBecondary hydrate occurs in the
leading edge of the dissociation frofte reason ishatthe dissociated gas accumulates in this area
and the local pressure and temperature meet the conditions of Hpdnadt¢ion. Figureic shows that
the dissociation front expands from the LW into the deef of the reservoir on account of warm
brine injection, and it connects the dissociation front near the RW at the 570th day (1.56 years). It is
displayed in Figurdd that the hydrate located below the wells (in the aréadf x@ 0 m) has
dissociated completely in 1590 days (4.36 yediganwhile the free gas is pumped out from the RW
directly (shown in Figure 5d)After 1590 days, the injected warm brine can flow from the LW to the
RW directly. It is shown in Figure 4én that there is littlevariationin the spatial distribution af, in
the entire reservoir fronthe 5th year tothe 10th year. This is becausethe efect of warm brine
stimulation is weakeneds the warm brine can flow toward the production well with little obstruction
in the later 25 year3here is little free gas remained in the reservoir afigedr production (shown in
Figure5e). The secondaryyldrate and the originated hydrate in the reservoir play a signifioknin
hindering the diffusion of the free gaherefore, there is almost no free gasiainingin the reservoir
as the hydrate located below the wells is dissociated completely (sh&ngureSfi h).

3.1.2. SpatialDistribution ofXs

Figure 6 shows the spatial distribution of the inhibitor saturati®g in the entire deposit during
30 years ofgas production in the reference caBeggure 6a shows thaiXs around the two wells
decreases due the dilutionby the free water caused bydrate dissociation. When the warm brine is
injected into the reservoithe dissociation rate increases drastically and rfrees water is released
from the hydratelt resuts in the Xs-reductionregionexpandsaround the well (Figuréb). Figure6c
displays that the dilution zone transfers from ltN to the RWwith the dissociation front expands into
the deep part of the reservoir (shown in Figure Wi)en the two wells artotally connected, the free
water can be pumped out from the RW instarttiyisthe dilution zonealmostdisappearsn the later
25 yearqshown in Figuresdi h).

3.1.3. SpatialDistribution of P

Figure7 shows the spatial distribution of the presdRia the entire deposit during0 years ofjas
production in the reference case. As shown in Figlae two symmetrical cylindrical pressure
gradients appear around the two wells. When the warm brine is injected into the reservoir, the pressure
around the MV rises instantly because tie temperaturaencreaseand the free gas accumulation.

On the other hand, the pressulecreasearea expandsnder the driving force of depressurization.
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Hence, the differencef pressure between the two wells increases trer. When the two wells are
connected, suchhigh pressure difference disappears gradually (shown in Figure

Figure 6. Evolution of the spatial distribution ofs during 30year production in the
South China Sea
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Figure 7. Evolution of the spatial distribution d? during 30year production in the
South China Sea

The pressure reduction region expands to the entire hydrate reservoir when the hydrate below the
wells are dissociated completely (Figuid), and the spatialistribution of pressure in the reservoir
changes little in the following 25 years.



