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ABSTRACT

Methane hydrate presents a potentially enormous amount of energy assuming technology can
be developed for commercial production. The aim of the project is to examine the feasibility
of recovery of gas hydrates from Hydrate Ridge. In the present analysis, reservoir assessment
of the hydrates, their recovery methods, their efficient utilization are considered. The initial
estimate indicates that recovery of gas hydrate from the Hydrate Ridge is currently
uneconomical. In the present case, due to the very small volume of gas the reservoir, injection
of hot brine as a recovery method and depressurization technique is useful for large volume
of reserves. '

Keywords: hydrate recovery, depressurization.
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CHAPTER 1
1.1 INTRODUCTION:

Some compounds crystallize in such a way that a hole is formed inside the crystal
which can accommodate another guest molecule without forming any chemical bond. There
complexes are known as inclusion or clathrate compounds. The inclusion of the guest

molecule depends on the steric fit inside the crystal lattice and is often very selective."

In host-guest chemistry an inclusion is a complex in which one chemical compound
the host forms a cavity which molecule of a second compound the guest are located. The
definition of inclusion compounds is very broad it extends to channels formed between
molecules in a crystal lattice in which guest molecules can fit. If spaces in the host lattice are
enclosed on all sides so that the guest species is ‘trapped’ as in a cage, such compounds are
known as clathrate. The word clathrate is derived from the Latin clatratus meaning with bars
or a lattice. In molecular encapsulation a guest molecule is actually trapped inside another
molecule. In supramolecular chemistry, host-guest chemistry describes complexes that are
composed of two — or more molecules or ions held together in unique structural relationship
by hydrogen bonding or by ion pairing or by vanderwaals force other than those of full
covalent bonds. Clathrate compounds constitute relatively small segments of that group of

complexes molecules which has been designated as molecular compounds.

In 1945, H.M.Powell named these compounds clathrate. Clathrate complex used to
refer only to the inclusion complex of hydroquinone, but recently it has been adopted for
many complexes which consist Of host molecule (forming the basic frame) and guest
molecule (set in the host molecule by interaction). The clathrate complexes are various and
include, for e.g,, strong interaction Via chemical bond between host molecules and guest

molecules, or guest molecules set in the geometrical space of host molecules by weak

intermolecular force, Typical examples of host- guest complexes are inclusion compounds
and intercalation compounds. Clathrates were studied by P.Pfeiffer in 19272 and in 1930. One
of the early attempts to describe these molecular compounds was that of Hertal who wrote, “a
molecular compound is a sybstance formed from to different compounds each of which may
have an independent crystal structure and which in solution (or the vapor state), and

decomposes in its components according to the law of mass action.
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The force which holds them together in the molecular compound has been called

secondary valence or residual affinity. Today this is neither complete or a satisfactory

description of molecular compounds, though it reference an attempt to provide some basis in

which lines of demarcation between complex compounds may be drawn. Based on this Clapp

presented a organic molecular compounds which further organized the field. He divided them

in to four groups.

Clapp’s classification*:

1. The products formed from Benzoquinone, substituted quinine, or closely related

compounds with aromatic hydrocarbons, amines, phenols, and aromatic ethers.

2. The products of nitro compounds with aromatic hydrocarbons, halides, amines and

phenols.

3. The compounds formed by the bile salts with fatty acids, ester, paraffins and few other

compounds.

4. The compounds containing a hydrogen bond.

Clapp also pointed out some properties which organic molecular compounds have in common

such as,

i.

ii.

iii.

The ease with which many of them may be prepared, their tendency to decompose
rather than melt, and their dissociation in their components when put in to

solution.

Polarization is readily recognized as a property which can bring about the
formation of molecular compounds; however the polarization of aggregates
caused by the electrostatic attraction does account for simple molecular ratios in

the compounds formed

Molecules of marked size differences are expected to react with molecule of
second components t0 give molecular compounds in which the ratios of two
components are the same, because the electron field about the components cannot,
of course, be uniform. However, surprisingly, the ratios observed between the two

components are largely Whole number fatios.

Page 2



Production Technologies for exploitation of Gas Hydrates

A group known as occlusion compounds, or inclusion compounds, is found in Clapp’s
third class of organic molecular compounds. This third class is composed of organic
molecular compounds in which the chemical properties of the components are subordinate to
the sizes and geometrics of the molecules; the stereochemistry and size relationships of
inclusion compounds play major roles in the behavior. Because the utility of inclusion
process has been only recently recognized, the unique characteristics of inclusion compounds

have had limited application in industry and research.

When writing of molecular compounds, Ketelaar refers to the vanderwaals forces
which are actually one-tenth to one-twentieth has large as the energy of most atomic or ionic
bonds; consequently they do not give rise to the formation of chemical compounds with
stable molecules. Compounds in which bonding by vanderwaal’s forces includes numerous

so called “molecular compounds”. Ketelaar divides them as follows>:

Ketelaar Classification:

1. Molecular compounds which have formed have a result of the favorable mutual

orientation of their two components, each of which -possesses a dipole, and include:
a. Clathrates |
b. Gas hydrates
c. Urea adducts
2. Molecular compounds which are formed by the exchange of atoms and include:

a. Those in which the free electron pair of the donor and the incomplete electron

configuration of the acceptor are already present.

b. Those in which they are not.

In still another account of molecular compounds, that of Robertson®, attention is
called to the fact that,. though hydrogen bonding is perhaps the most universal certainly the
most studied form of molecular association, theif does exists a unique group of molecular
compounds in which hydrogen bonding place a minor role, or is even non existent. Excluding
all molecular compounds in which hydrogen bonding may be exclusively responsible for
bonding involved, four cases are cited:

M
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(@) Molecular compounds formed between aromatic hydrocarbons and poly nitro
Compounds.

(b) Addition compounds formed by polycyclic hydro carbons with certain halogens or with
antimony Penta chloride.

(c) Loose addition complexes formed between unsaturated compounds and copper, silver or
mercury salts.

(d). Clathrates
Baron Classification:
Baron’ has listed these divisions as:
1) Poly molecular inclusion compounds
(a). Those with channel — Like spaces
(b). Those with cage — Like épaces
2). Mono molecular inclusion compounds
3). Macro molecular inclusion compounds
4). Products of the blue jodine reaction.

An essential characteristic of the host is its ability to form a solid structure with
hollow spaces of large enough dimensions to house prospective guests. The inclusion
compound which forms will have a stability largely attributed to the way in which the
molecules involved fit together in space. When inclusion occurs, the host and guest
molecules must be properly oriented With respect to one another, under optimum conditions
for formation.Wheland“ illustrated this with a simplified two dimensional analog, using
small irregular closed curves (B) to represent the guest molecules and similarly larger

irregular closed cyryes (A) to represent the host structure.

Page 4
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Figure 1.1 A schematic two-dimensional representation of a small region within an inclusion
compound that is formed from molecules of a trapping component, A, and of a trapped

component, B.

In mono molecular inclusion compounds, only one molecule is host to a guest
molecule. Obviously the host molecule will be large and will have a cage like space in its
centre. Typical of mono molecular inclusion compounds are the cyclodextrins.

Macro molecular inclusion, some of which have been described as “molecular
sieves”. The zeolites, among the best known, are inclusion compounds whose inclusion
properties have found wide industrial application. Essentially they are crystalline structures in
which a frame works of silicon-0Xygen or oxygen-aluminum tetrahedral form the basic
structure. This crystalline to provide a 3-D network which is permitted with relatively large
channels and cavities. These interstices normally enclose water molecules which are removed
quite easily, simply by heating the compound the holes which are left by the evacuated water
molecules can be filled with amazing nos. of gas, vapors or dissolved compound molecules.
Curiously, of all the host lattices compared here, the zeolites are the only ones stable in the
absence of guest molecules and Which permit migration of suitable small guest molecules
from one cavity to another throughout the crystal.

1.2 Natural gas Hydrates
Natural gas hydrates are solid crystalline compounds, which have a structure wherein
guest molecules are entrapped in a cage like framework of the host molecules without

forming a chemical bond. It is a result of the hydrogen bond that water can form hydrates.

m
Page 5



Production Technologies for exploitation of Gas Hydrates

The hydrogen bond causes the water molecules to align in regular orientations. The presence
of certain compounds causes the aligned molecules to stabilize, and a solid mixture
precipitates. The water molecules are referred to as the host molecules, and the other
compounds, which stabilize the crystal, are called the guest molecules. The hydrate crystals
have complex, three dimensional structures in which the water molecules form a cage and the
guest molecules are entrapped in the cages.

The stabilization resulting from the guest molecule is postulated to be caused by
Vander Waals forces, which is the attraction between molecules that is not a result of
electrostatic attraction. The hydrogen bond is different from the Vanderwaal’s force because
it is due to strong electrostatic attraction, although some classify the hydrogen bond as a
Vander walls force. Another interesting thing about gas hydrates is that no bonding exits
between the guest and host molecules. The guest molecules are free to rotate inside the cages
built up from the host molecules. This rotation has been measured by spectroscopic means.
No hydrate with out guest molecules has been found in nature. Thus Clathrates are stabilized
by the weak attractive interactions between guest and water molecules. However, the guest
species has some restrictions on its size. This arises from the fact that there are a limited no.
of cage types which encapsulate guest molecule with out deviation of the hydrogen bond
lengths and angle from ideal ones. All of the cages are not necessarily depends on the
temperature and the pressure of the guest compound in equilibrium with clathrate hydrate.

1.3 Structures of Gas Hydrates

® S| structure
® S1I structure

®H structure

Page 6
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Crystalline lattice of gas hydrate, structure |I.

Figure 1.2 Structure I Hydrate




S II STRUCTURE

haxadeoahedron -+ dodocahodron

Crystalline lattice of gas hydrate, structure i

Top View of the Structure H Hydrate Unit Cell
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Figure 1.3 Structure II and Structure H Hydrate

M
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Parameter Structure 1 Structure 11
Cage size, nm 1.203 1.531
Number of dodecahedra 2 16
Number of tetridecahedra 6 -
Number ot hexadecahedra - 8
Coordination number (number
of water molecules in a
single cage)
in i small cage 20 20
in a large cage 24 28
Number of watcr moleculex
in the unit cell 46 136
WNumber of cages
large 6 8
sinall 2 16
Caue diameter, am;
lasge 0.86 016
small 0.788 0.782
tdeal composition® 6G-2M-46H,0 8G-16M- 13I6H,0

SIS COMPINLIOD OF NYUr3LE Is ODINCY wien 3l LIRS vages we Gllod witli . G nads ol s and
small cages with the M molegules.

a Cavity types Hydrate structure *Guest molectiles’
e Methane, ethane,
. 46 H20. caibon dioxide
E— and so on

Structure |

Propane,
iso-butane
and so on

Methane + nechexane,

methane + cycloheptane,
and so on
b
 Hydrate crystal structure .} ' n H
Cavity small  Large Small Large Small  Medium  Large
Deacrlpuon §°  5wgz . g2 §iegs 512 435669 51268
Number of cavities per unit cell 2 6 16 8 3 2 1
Average cavity radius (A) 395 433 391 473 391t 4.06" 5.711
Coordlnation number* 20 24 20 28 20 20 36
vNunllbef of waters per unitcefl 46 136 34

*Number of oxygens at the periphery of €ach oavity,
YEstimates of structurs H cavities from geometric madels,

**The three common hydrate unit crystal structures. '

Figure 1.4 The three common hydrate unit crystal structures.
w
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Note:
Nomenclature: 5'2 6'indicates a water cage composed of 12 pentagonal and four hexagonal
faces. The numbers in squares indicate the number of cage types. For e.g. The Structure I unit

crystal is composed of two 5'% cages, six 5'26 cages and 46 water molecules.

STRUCTURE I:

Structure I gas hydrates are formed when there cavities arrange themselves in space in a
manner that they link together through their vertices. Because dodecahedra are not able to
pack together precisely, a tetrakai decahedron, a polyhedron with 12 pentagonal and 2

hexagonal faces, is created. Oxygen atoms of these water molecules are arranged in such a

manner that two pentagonal dodecahedra and six tetrakai decahedra are formed. It has a cubic
cell constant of 12°A and forty six molecules of water constitute the unit cell, two of which
are small and contain only one small guest molecule. The other six cavities can house
relatively larger molecule,

They are Simple structure, made from two types of cagés.

> Dodecahedron, a 12 sided polyhedron where each face is pentagon.

> Tetrakaidcahedron a 14 sided polyhedron with 12 pentagonal faces and 2

hexagonal faces, |

> Dodecahedron cages are smaller than the tetrakaidecahedron cages.

> Stable hydrate can form with out a guest molecule occupying all the cages. The

degree of saturation is 8 function of temperature and pressure. Actual composition

of hydrate is not the theoretical composition.
The theoretical formula for hydrate is X-5%H>0, where X is the hydrate
former. If the guest molecule occupies only large cages, then the formula for hydrate

is X7 2/3 H,0.

STRUCTURE 11:

Structure II gas hydrates are formed when the pentagonal dodecahedron cavities
arrange themselves in space in 2 manner that they link together through face sharing. As a
result of this arrangement, hexakai dodecahedron, a polyhedron with 12 pentagonal and 4
hexagonal faces, is created. It has a cubic cell constant of 17°A; one hundred and thirty six

water molecules are associated in each cell, These form sixteen small and eight relatively

large cavities.
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It also construct from two types of cages.
> Dodecahedron, a 12 sided polyhedron where each face is regular pentagon.
> Hexkaidcahedron a 16 sided polyhedron with 12 i)entagonal faces and 4
hexagonal faces. Dodecahedron cages are smaller than the tetrakaidecahedron
cages.
It contains 136 water molecules. If the guest molecule occupies all the cages, then the
theoretical formula for hydrate is X-5%H,0, where X is the hydrate former. If the guest

molecule occupies only large cages, then the theoretical composition is X-17H,0.

STRUCTURE H:

This is much less common than either S I & S II. In order to form, this type of hydrate
requires small molecules such as methane and type H former. This type hydrate constructed
some three types of cages.

> Dodecahedron, a 12 sided polyhedron where each face is regular pentagon.

> An irregular dodecahedron with three square faces 6 pentagonal faces and three

hexagonal faces,

> An irregular icosohedron a 20 sided polyhedron with 12 pentagonal faces and 8

hexagonal faces.
It contains 34 water molecules the theoretical formula is (Y)(5X)(34H,0)
Where,

X=small molecule, enters only to small cages.

Y=large molecule enters only to large cages
Structure H in which the largest cage can accommodate up to 5 argon atoms.

H Forming Molecule:

2 methyl butane, 2-2 dimethyl butane, 2-3 dimethyl butane, 2-2-3 tri methyl butane, 3-3 di
methyl pentane, methyl cyclopentane, ethylcyclo pentane, methyl cyclohexane, cycloheptane
and cyclo octane,

Page 11
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CHAPTER 2
2.1 GLOBAL POTENTIAL OF GAS HYDRATES
At present, approximately 50 locations worldwide have been identified where geophysical
and geochemical evidence indicates the occurrence of nafural gas hydrates (Kelland, 1994).
Quantification of the amount of gas, mostly methane, stored in hydrates reservoirs is difficult
since only a few of the sites have been drilled and tested for their hydrates content. Estimates
of the methane content of these reservoirs obtained by several researchers are summarized in

Table (Kelland, 1994). Gas hydrates in oceanic sediments may comprise the earth’s largest

fossil fuel reservoir.
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Source: U. S. Geological Survey, Denver Federal Center, Box 25046, MS-939, Denver. Colorado, 80225;

Figure 2.1: Locations of known and inferred gas hydrate occurrences in oceanic sediment of

outer continental margins (circles) and permafrost regions (diamonds) (modified from
Kvenvolden, 1993). '
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Table 2.1: The Earth’s Organic Carbon Endowment by Location (Reservoir)

Organic Carbon
Reservoir
10" Kilograms Trillion Short Tons

Gas Hydrates (on- and offshore) 10,000 110,230
Fossil Fuels (coal, oil, natural gas) 5,000 55,116
Soil - 1,400 15,432
Dissolved Organic Matter in Water 980 10,803
Land Biota 830 9,149
Peat 830 9,149
Detrital Organic Matter 60 661
Atmosphere 3.6 40
Marine Biota 3 33

Note: As a point of reference, the Great Lakes’ 5,500 cubic miles of fresh water have a mass

of about 25.2 trillion short tons.
Source: K.A., Kvenvolden, “Gas hydrates - geologic perspective and global change,” Review
of Geophysics 31 (1993), pp. 173-187.

TABLE 2.2: GAS AND GAS HYDRATES RESERVES (FROM KELLAND, 1994)

In-situ gas hydrates estimate range

Onshore, continental 14 —34 000 x 10" m

3100 -7 600 000 x 10'* m®
260 x 1012 m’

Offshore, oceanic
Unexploited conventional gas reserves

2.2 INDIAN POTENTIAL OF GAS HYDRATES

National Gas Hydrate Programme (NGHP) has brought out highly prospective
hydrate deposits in the offshore region of Kutch, Saurashtra, Mumbai, Kochi, Konkan,
Trivandrum, Cauvery basin, Krishna Godavari, Andaman Nicobar and Gulf of Mayan mar

with total estimated hydrate resources of 1894 TCM.

e B ————
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The amount of natural gas stored in natural gas hydrates is estimated at about 20,000
TCM, a figure nearly two order of magnitudes larger than recoverable conventional gas
resources. Hence, gas hydrates provide an energy supply assurance for the 21* century.
Another important factor is that methane is a less carbon-intensive fuel than coal or oil.
Methane from hydrates (or other sources) produces only half as much carbon dioxide as coal
per unit of combustion products. Two thirds of coal combustion products are CO, vs. one
third of methane®.
2 coal (CH)+2 % 0, — 2 CO;, + H,0O
CH; +2 0O, —» CO, +2 H,O
Therefore, the utilization of the methane contained in natural gas hydrate would not

only ensure the adequacy of world energy resources, but would also mitigate potential global

climate change.

0 206km

Latitude (Deg. N)

ARSI
V2 Ty A5 A

15 17 19 21

S ey 367 91013
Thickness (km)

Figure 2.2: BSR locations on the sediment thickness map in western (left) and eastern (right

offshore of India (Gupta et al., 1998).

Source: Department of Ocean Development, Government of India
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CHAPTER 3

3.0 PRODUCTION METHODS OF GAS HYDRATES

Methane can be recovered from gas hydrates through modification of equilibrium
conditions. Three common recovery methods employed are depressurization, inhibitor
injection and thermal stimulation. The recovery method should be chosen on the basis of

environmental damage as well as economics.

Depressurization  Thermal Injection  Inhibitor Injection

B thanol
Gas
Out‘\

-
=~
i3]

Hot Brine

((;).“,;‘\ orGas

Figure 3.1 various production methods for gas hydrate.

3.1 Depressurization

When the reservoir pressure is reduced below the three phase equilibrium value,
hydrate dissociates by absorbing energy from the sun‘éunding and, hence, results in a
decrease in reservoir temperature. Heat flows to the dissociating hydrate interface by thermal
conduction and a thermal gradient is established. Hydrate will continue to dissociate until
sufficient gas evolves to achieve the equilibrium pressure at the lower temperature. A thermal

gradient has to be maintained in order to continue dissociation of the hydrate.
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Among all three hydrate recovery methods, the depressurization is the most energy intensive
method since there is no supply of energy or any chemical into the reservoir. Chemical

reaction of methane with water to from hydrate is represented by

(CH4) gas + 6(H20) water « (CH4 » 6H20) solid.

Three main mechanisms are involved in the depressurization of gas hydrates: fluid
flow, heat transfer and kinetics. Many authors have been developing either analytical or
numerical models to simulate the gas production from hydrate decomposition in porous
media. The association process of these models was assumed to occur at a dissociation
interface, which separates the reservoir into two zones: the gas zone near the well and the
hydrate zone far away from the well. The dissociation interface moves forward into the
reservoir with time. Table 3.1 briefly summarizes the features of some models in terms of

mechanisms and mathematical methods used.

In this work, a simple one-dimensional model is considered Fig.3.2. It should be
noted that this wellbore model is linear, not radial. The effect of heat transfer, intrinsic
hydrate decomposition, and fluids flow are calculated independently, i.e. if considered one
mechanism, the other two effects are ignored, in order to determine the rate-controlling
mechanism(s). An analytical model of methane hydrate decomposition for each of above
three-mechanism is presented for a semi-infinite hydrate. The physical, chemical and
geological parameters from the Hydrate Ridge Leg Nag-01 are used to simulate the effect of

the three mechanisms mentioned above.
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Figure 3.2 Schematics of the hydrate reservoir for the one-dimensional model.

Assume that there is a methane hydrate reservoir with initial pressure P, and initial
temperature T, containing stable solid hydrate. When a well is drilled, the pressure drops to
the wellbore pressure Po below the pressure-temperature equilibrium condition. The hydrate

in the neighborhood of the well starts to dissociate. The dissociation process is assumed to
occur only at the front of the gas and hydrate zones instead of the entire volume. At x=w, it is
assumed that the reservoir pressure and temperature are fixed at P.and T, respectively. The
dissociation interface, X (t), separates the reservoir into two zones. The area 0<x<X (t) is
referred to as the gas zone and the area X (t) <x<co is the hydrate zone. The dissociation

interface moves outward as the gas production from the well continues.
In this work, the three phase equilibrium pressure-temperature is given by [Hong et al.,
2003]:

Pse =10 exp (49.3185-9459/T5) — Equation 3.1

Where Tg isinK and p_isin MPa.p,, is the equilibrium pressure at the dissociation interface.
se
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3.1.1 Decomposition Rate Controlled by Heat Transfer
To obtain the rate of decomposition by heat transfer, the effects of kinetics and fluids
flow are ignored. The surrounding gas at the interface is at the thermodynamic equilibrium '

condition. The interface temperature is at T , the equilibrium temperature at the wellbore
pressure (po). Hence, the driving force for the heat transfer mechanism is equal to T-T .

Only the heat transfer by convective is considered.
The hydrate decomposition controlled by the heat flow is analogous with the melting

moving boundary problem. At time t = 0, the reservoir is at the temperature T. and the

dissociation interface, X (t) is at x = 0. At any time t, the temperature at X (t) is equal to the

equilibrium temperature with the wellbore pressure and the temperature is equal to T, when

w—x. The derivation of the heat transfer equations of the system and its dissociation

interface is shown elsewhere [Hong et al., 2003]. The analytical solution for the rate of

moving of the hydrate interface as the hydrate decomposes is given by:
dX (1) = W (a/t) -Equation 3.2

Where  is the solution of the following equation:

Ae )‘Zerfc(}\,) = -Equation 3.3

ste
N3
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Table 3.1 Comparison of the models
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Tsvpkn [1000] X 3 X |3 Analvned
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funcizor of e only
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x X i % Nl
Jieral [2001] X X K Adalvucd | - A oeagpedatare thng: because of
| : tronlive (foute-Thompien) znd
: adiabode effvts weuded i the
; | eneryhalnge equauies
i - Lujewgauon and  seifsimlx
i SO0
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] effect of flusd fiow
i - Tee  detowpsition nam i
A courrolzd by liear wansfer amg
06
- Ka-3 shaos mode) Jec kigetics
- Heat o dissecuation came from the
senssble beat of the reservor and
the 33s3¢1aud posous rock
Nondsiora [ * X [ ) % |z X Numagical TOUGH., 13
Alirnag e! of. [2004] X [ 3 X X Swnerical |- Not izcluéed tirontug  (Towe
Thonysoo) effeet
- anted;!_t’aememzm

And Ste is called Stefan number, which is defined as the ratio of the sensible heat of

the hydrate and associate rock to the heat of decomposition:

Ste

—
—

T ——————

-Equation 3.4

' 3
Where, p is the density of porous medium including the hydrate (kg/m ), c, is the heat

capacity (kJ/kgK), and g is the porosity. The parameters used in the study are shown in Table
43, |
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3.1.2 Decomposition Rate Controlled by Intrinsic Kinetics

At the hydrate-gas interface, the hydrate dissociation into water and gas is controlled
by the kinetics of decomposition. Kim et al (1987) proposed that the hydrate decomposition
rate is proportional to a driving force defined by the difference between the fugacity of
methane at the three-phase equilibrium and the fugacity on methane in the bulk, and the

specific decomposing hydrate surface area per unit hydrate volume (a, ). Considering

methane as an ideal gas, the fugacity can be simply replaced by the pressure of methane at the

equilibrium pressure, pse, and the pressure of the bulk gas P, From the mass balance around

the hydrate-gas interface, the relationship between the molar rate of hydrate decomposition
and the location of the interface, the analytical solution for the rate of moving of the

dissociation interface is given:

dx M .
== 1 4 ;f kg (Pse — Pg) -Equation 3.5

where ¥ is the dimensionless surface roughness factor, MH is the molecular weight of hydrate
(g/mol CH4 in hydrate), p is the pressure of methane at the solid surface (MPa), and the
g

decomposition rate constant (k). defined by:

Ky= K, R -Equation 3.6

2
Where k is the intrinsic rate constant for decomposition (kmol/m -kPa-s), E is the
o
activation energy, and R is the gas constant.

The driving force is the pressure difference between equilibrium pressure (pse) at the

surface and the bulk gas pressure (pg). ¥ is the dimensionless surface roughness factor and
defined as, ¥= Agec /(Page o» Where 8qec is the specific decomposing hydrate surface area per

unit hydrate volyme, and Qgeo IS the geometry surface area. For a simplified case, ¥ is equal
to unity.

Clarke and Bishnoj (2001) modified the experimental apparatus of Kim et al. (1987)
and obtained the activation energy Similar to that of Kim et al. (1987), however, the intrinsic
rate constant is approximately 10 times smaller than that reported by Kim et al. (1987). The

53 S ———
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kinetics parameters are shown in Table 4.4. The parameters from Clarke and Bishnoi (2001)
and Kim et al. (1987) are compared and shown in Figure 4.1 and the results are discussed
below.
3.1.3 Decomposition Rate Controlled by Fluid Flow

The continuity equation of the water in the decomposed zone is given by Aziz and
Settari  (1979) [after Hong et al., 2003]. It is assumes that the change of the saturation of
water with time in the decomposition zone is so slow that it can be ignored, and ¢ and p are
constant. The derivation of the fluid flow equation is given elsewhere [Hong et al., 2003].
The analytical solution for the continuity equation for water flow and the mass balance

around the dissociation interface is:
dx(t) _ ’ kkermAp 1 _ .
= ((2 l"w(l—FHg)‘ppH (t) Equation 3.7

where k _ is the relative permeability with respect to water, p,, is the density of pure water

(kgmB), AP=P,-P; is the pressure difference between the bulk gas pressure at the interface
(P;) and the wellbore pressure (p ), K, is the viscosity of water, and FHg is the mass fraction of
gas in unit mass of hydrate,
3.1.4 Decomposition Rate Controlled by Gas Flow

The derivation of the decomposition rate controlled by gas is similar to those obtained
from water-flow-controlled, After solving the continuity equation for the gas flow and the
mass balance around the dissociation interface, one can obtain the rate of decomposition as

follows: _
, kk 0, 4P 1 .
dx(t) gw = -
== (( 5 m Frg ¢‘PH) ( t)) Equation 3.8

Where kgw is the relative permeability with respect to gas, P, is the density of gas, and

K, is the viscosity of gas. The parametefs used for the fluids flow study are shown in Table

4.5.
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3.2. Inhibitor Injection _

Through injection of chemicals to the sub-sea hydrates, dissociation of the hydrate
will occur. The chemical decreases the stability of the hydrate by changing the equilit;rium
temperature or the pressure. In the natural gas industry, alcohols (methanol) and glycols are
commonly used to inhibit hydrate formation. The reason these chemicals are often used is
that they exhibit some hydrogen bonding and therefore interfere with the hydrogen bonds of
the water in the hydrates. Glycols are much less volatile than methanol, but glycols are
usually more costly than methanol and are therefore used less often. Besides adding polar
solvents, ionic solids can also be added to dissociate the hydrate. Although it may seem wise
to inject an inhibitor to destabilize the hydrate zone, the effect to the marine life and the sea
floor could be detrimental. Introducing something unnatural and foreign to a system can lead
to problems. Corrosion of the pipelines may occur if air dissolves in the inhibitor.

Both Ramya Venkataraman and Esra Eren did some computational modeling to see a
difference between methanol and ethylene glycol to determine which inhibitor would be more
economically and environmentally sound. They concluded that concentrations of both
methanol and ethylene glycol of greater than or equal to 20% would be needed to cause
dissociation. Based on a cost analysis, they found that methanol is $0.84/gallon (USD) and

ethylene glycol is $4.75/gallon (USD). To dissociate the hydrate, 3.9x105kg/d or 4.1X105kg/d
of methanol and ethylene glycol, respectively, would need to be injected. Inhibitor injection

is neither environmental nor economic and thus is not a viable hydrate recovery method.

3.3. Thermal Stimulation

Background
The Thermal stimulation method proposes the use of a source of energy to raise the

reservoir temperature, thus breakidg the hydrogen bonds in the hydrate to release the gas.
Methods that have been suggested in the literature are: (1) injection of hot fluid such as
water, steam or brine; (2) in-situ combustion and; (3) electro-magnetic heating. In situ
combustion process is basically 8 burning front that slowly moves from an injection well to
production well. Electromagnetic heating is a process, which either uses microwave or AC
current to heat the reservoir. Our main concern in this study is to evaluate the feasibility of

fluid injection methods. This technique has been well characterized in the laboratory for

m
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hydrate dissociation and is traditionally used for oil and gas recovery from conventional
fields.

In the literature two approaches have been suggested for realization of hot fluid
injection method. One approach is a single well, cyclic thermal injection model where hot
water, brine or steam can be injected into the hydrate formation. In this method, hydrates are
allowed to dissociate during a “soak” period and then gas and water are produced from the
same well. Another method is use of multi-well, continuous thermal injection model. Hot
water or brine will be injected from one well and dissociated gas will be produced from
production well.

Hydrate thermal dissociation rates were first quantified in Holder’s laboratory with
the work of Kamath et al. (1987) for steady-state dissociation measurement of propane and
methane hydrates using hot water as the dissociation medium. They developed an empirical

correlation for dissociation rate as follows:

M,/ DuA =6464 x 10" (AT " Equation 3.9

Where MH is the steady state of hydrate dissociation (gmol/hr) @y is the volume fraction of

hydrate in the core, A is the surface area at the interface (cmz), and AT is the temperature
difference between the bulk fluid and the hydrate interface.

In subsequent research, Kamath et al. [1987], [Sira, Patil et al., 1990] proposed to
combine the thermal injection technique with inhibitors such as brine, methanol and glycol.
The graph below shows a correlation for gas production as a function of the temperature
difference between the bulk fluid and the hydrate interface (AT). Selim and Sloan [1985,
1990] developed an unsteady state model for the position and temperature profile in a moving
hydrate boundary. Their model can be viewed as a pseudo steady-state model after hydrate
dissociation had commenced. A schematic of their model shown in Figure 3.1, indicates that
hydrate dissociation occurs at & moving boundary X (t) which separates the un-dissociated

hydrate region from the dissociated region.

Once the temperature is exceeded, the interface will move at a decreasing velocity due to the

insulating effect of increasing thickness of dissociated zone. On solving for large time, they

found the following simplified solution for front velocity.
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dX/dt= {aqs(Ts—T})/k (1+ St) } - Equation 3.10

where X is the position of decomposing interface (m), T is the equilibrium temperature at
system pressure (K), K is the thermal conductivity of the hydrate, q is the specified heat flux

2 : 2
at the decomposing surface (kW/m ), a is the thermal diffusivity (m /s), and St=M(Cp(T -T),

where ) is the heat of dissociation kJ/mol CH "
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Figure 3.3 Dissociation
Approach

STEP 1: Feasibility study of thermal stimulation by determining Energy Efficiency Ratio
Energy efficiency ratio (EER) is defined as the following:
EER= Energy out put from hydrate / Energy input dissociate to hydrate

Where, energy input to dissociate hydrate includes sensible energy to increase the reservoir
temperature, to the dissociation temperature and latent heat of dissociation of hydrate. Energy
output is the energy produced upon combustion of natural gas.

Estimate indicates that the energy efficiency ratio of ~13 which is favorable condition
as a recovery method. Supplied goes instantaneously to heat the reservoir temperature and no

heat loss is accounted in overburden/under burden heating and transmission lines. Both the

assumptions are very unrealistic therefore further energy analysis is carried out to determine
the feasibility.
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STEP 2: Selection of thermal stimulation method

Since preliminary energy efficiency of thermal stimulation is good for recovery, it is
to determine how thermal energy can be provided to the reservoir. It is considered the
following options for thermal stimulation method: (1) steam injection; (2) hot water injection;
(3) hot brine injection; (4) methanol/glycol injection; (5) in situ combustion; (6) geo-thermal

heating; and (7) addition of compressed CO,. Each of the above mentioned methods has their

own merits and disadvantages. In steam injection, heat loss in the well bore and reservoir is
very high especially for thinner hydrate zone. Steam also reacts with clay and swells them
which will reduce the permeability [Faure, 1998]. Another disadvantage associated with
steam injection is that it will increase the water vapor in the recovered gas. Use of
glycol/methanol is governed by economics because large quantity of these expensive
chemicals will be required. Brine also causes most reduction in dissociation temperature.
Also as a consequence, heat of dissociation is lower at lower dissociation temperatures and
therefore heat losses in pipelines are lower for brine. Geothermal heating is discarded because
only at certain location are these hot reservoirs found. Even if it is present, arrays of wells
need to be drilled in geothermal aquifers and sediments just below the hydrate region. Gas
near the circulating hot brine will dissociate, therefore additional production wells need to be
drilled which will make it very expensive process. In situ combustion process is eliminated as
typically 80% of the heat generated upon combustion is wasted in heating of reservoir rock

STEP 3: Selection of injection scheme

As shown above, hot brine seems to be the best injection fluid as a thermal
stimulation medjum. It is to determine the optimal injection scheme. Typically the following
injection schemes are used for conventional oil and gas recovery: (1) cyclic injection; (2)

continuous injection; and (3) recirculation of hot brine.

Though cyclic injection has the advantage of lower heat loss in pipelines and presence of
heated zone near production well, it is discarded because of the periodic nature of production,
and operating time delays bringing the well to production after injection phase. Shut in period

can also cause refreezing of the dissociated gas during injection.

M
Page 25



Pructio Technologies for exploitation of Gas Hydrates

Brine recirculation is eliminated as it can heat only limited zone and a special pump is
required to bring back the hot brine. Also due to very low thermal diffusivity, it is extremely

inefficient process.

Continuous injection of brine has the disadvantage because the dissociation front is far from
the production well and it is also limited by pore fluid pressure rise upon dissociation.
However, due to continuous production of gas and very low formation depth makes it a
comparatively better option among the above mentioned injection scheme.
STEP 4: Determination of well configuration and cost estimation of brine injection

We chose continuous injection for the dissociation of hydrate due to the continuous
nature of production scheme. Since we are just below the sea floor, it’s not possible to inject
at higher pressures due to fracturing limitation. Therefore, first we calculated the fracturing
pressure using the Hubbert and Willis method [Bourgoyne, Chenevert et al., 1991] mentioned

below.
Pg=(oont2pp/3 -Equation 3.11

where Pﬁis the fracture pressure, Pfis the pore fluid pressure, and 6 is the overburden stress.

Using the property data for site Nag-01, it is estimated that our fracturing pressure is 9
MPa. Therefore pressure at the injection well is kept at 9 MPa and pressure at the production
well is kept just below the 8 MPa. Next objective was to determine the optimal well spacing
we can keep. Typically in industry, 2-5 acre well spacing design and 1 foot well bore
diameter is chosen [White and Moss, 1983]. Using the standard reservoir engineering
techniques [Economides and Nolte, 2000], calculated the injection rate using following
formula,

g=(Py—Pur) QL kn/ (WIn(t/1w))) -Equation 3.12
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Where q is the fluid injection rate, P_is the injection pressure, P . is the wellbore pressure
(8MPa), h is the thickness of the gas hydrate zone (m), r is the well spacing, and ris the

wellbore diameter.

Once calculating the injection rate for particular well spacing (1), we calculated the
rate of dissociation by assuming that upon injection, all the pore fluid is instantaneously
mixed and comes at dissociation temperature. Rate of front movement is determined by
locating the temperature front which lags behind the injection front by factor R which can be

determined using following formula [Elsworth, 2004].
R=(psCPsg +p, CP.(1- )/ (pr CPr ) -Equation 3.13

where p is the density of fluid, CPf is the fluid heat capacity, CPr is the rock heat capacity, and

@ is the porosity of the medium.
After calculating the above values for a reservoir, the applicability of the thermal stimulation

technique is assessed based on the economics and environmental aspects of production and

its feasibility.

Page 27



| Pduction Technologies for exploitation of Gas Hydrates

CHAPTER 4

CASE STUDY
4.1 History and Well data

Hydrate Ridge is 25 km long and 15 km wide ridge in the Cascadia accretionary
complex. It is characterized by a northern ridge having a water depth of ~600 m and a
southern peak with a depth of ~800 m. Hydrate Ridge appears to be capped by hydrate as
indicated by a stroné bottom-simulating reflector (BSR). In the present study our focus is to
recover the gas hydrate from southern Hydrate Ridge. During Nag-01, nine sites have been
drilled and cored to determine the concentration and distribution of gas hydrates. Lithology at
all the sites is similar, with abundant turbidities, some debris tflows and several notable ash

layers. A brief summary of the findings is shown in Table 4.1 below.

Table 4.1 Reservoir Site Assessment of Hydrate Ridge.

Region Sites Thickness ~ %agas Gas volume
(mbsf) saturation* 1076 m3 /km2
Flank 1244,1245 45-120 3-5% 640
1246,1247 15-115 2-4% 640
Southern 1248 1-125 5-7% 805
Summit 1249 1-30 20-40% 965
30-90 5-10% 515
Slope Basin 1250 10-110 1-3% 215
1251,1252 30-180 1% 320

1t is assumed that sediment porosity (65%) Assuming that one unit volume of hydrate will yield 164 unit volume of gas. * Saturation value

chosen is average value of all the estimation methods.

The above table does not take any available free gas into consideration, thus it was not
part of this study. From the above table, it is evident that gas hydrate concentration is
significantly greater beneath the summit as compared with other region. Therefore, focus will

be first on physical property estimation and optimal recovery methods from site NAG-01.
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4.2 Properties

Permeability: Site Nag-01, spanning 300 m by 500 m, and 778 m below seatloor, is
composed of clay and silty clay. This corresponds to a typical permeability of 10 md.
Permeability was also estimated from capillary models [Kleinberg, Flaum et al., 2003] and is

found to be 20md for 4 micrometer particle size.

Density: Wet bulk density of the samples was measured in the range from 0.35 to 7.5 g/cc.
The sample shows high variability in porosity ranging from 10% to 70% and the values are

negatively correlated with sample density. From this correlation, the maximum density at

3
zero porosity was estimated to be 810kg/m .

Porosity: On a macroscopic scale the fabric varies from highly porous with soupy and mousse

like textures. Leg Nag-01 observations clearly indicate that hydrate is present in lenses and

nodules.

Pore Fluid Concentration: Pore fluid recovered from the'upper 20 mbst show pronounced
enrichment in dissolved chloride concentration. The highest chloride concentration measured
is 1368 mM in a sample collected. The degassing experiment document that methane
concentration range from 200 to 6000 mM well above saturation value at in situ
temperature(4.5 °C-9 °C) and pressure (7.9 MPa). Gamma density logs show some layers

3
having density slightly lower than 1000kg/m , which indicate this layer to be pure gas

. . 3 . .
hydrates. In addition a low density spike (750kg/m) in an 8 cm thick gas hydrate layer
reveals the evidence of free gas within hydrate. Relatively high concentrations of propane and

higher hydrocarbons at the start of core degassing also suggest the presence of free gas.
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Phase Equilibrium Diagram: Since it is extremely difficult to predict the phase behavior in

porous sediments, a simplified phase diagram shown left will be used for the design

calculation. A brief summary of useful physical properties is mentioned in Figure 4.1 below,

and will be used for the design calculation. A brief summary of useful physical properties is

mentioned in the Table 4.2 below.

Figure 4.1 Phase Diagram showing phase behavior in porous sediments.

Source: Kvenvolden, 1999.

Page 30



N Prdution Technologies for exploitation of Gas Hydrates

Table 4.2: Summary of physical properties of sediments in Hydrate Ridge.
Source: Compilation of authors listed in Works Cited Page.

Density of porous 2675 kg/m3 Thermal conductivity | 1.5 W/m k
medium (p;) of rock (Kr)

Density of methane | 914.7 kg/m3 Thermal conductivity | 0.5 W/m k
hydrate(pn) of hydrate (Kh)

Density of methane | 80 kg/m3 Thermal conductivity | 0.031 W/m k
gas(pg) of gas (Kg)

Specific heat of rock | 0.837kl/kg K Thermal conductivity | 0.6 W/m k
(Cr) of water (Kw)

Specific heat of 1.6 kl/kg K Permeability (k) 10 md
hydrate (Ch)

Specific heat of 2.09kJkgK Heat of dissociation | 13.52-0.0042 Ti
methane gas (Cg) . (AHd) kJ/mol gas

Table 4.3 Properties of medium, pure methane hydrate, water and gas.

Parameters Medium Pure Methane | Water Gas
hydrate

Density (kg/m’) 2675 914.7 1000 27.6

Heat capacity (k/kg-K) 0.837 1.6

Thermal conductivity(K)(W/m- | 1.5 0.5

k)

Heat of decomposition(k/kg) | == 477

[ Thermal diffusivity (m/5) 3.562x10" | 2.293x10°

T"OTJerties of methane hydrate

in the medium

_ Density P=PH¢ +pR (1'¢)
- Thel'mal conductiVity kc =Key ¢ + ch( 1 “'¢)
- Heat capacity Cp={Coup+ Cor(1-§)}/p
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Table 4.4 Parameters used in the Kinetics study.

Parameters Kim et al.(1987) Clarke and Bishoni (2001)
A E/R (k) 9400 9752.7

ko (kmol/m’-kpa-s) 1.24x10° 3.6x10°

Surface roughness 1

MWy(gmol CH, in hydrate) 119.5

Table 4.5 Parameters used in the fluid flow study.

Parameters Values
Permeability, k (md) 10
Relative permeability with water, Kn 0.1
Relative permeability with gas , kg 0.5
Porosity ‘ 0.6
Viscosity of water, pw (cp) 1
Viscosity of gas, p (cp) 0.02
Mass fraction of gas in unit mass of hydrate, | 0.1339
Fug (kg CH, /kg Hydrate )

Table 4.6 Temperatures and pressures used in the models.

Parameters Values
Initial Temperature,7; (K) 284
Temperature of the front surface, Ts (K) 282
Well bore pressure, P, (MPa) 2.67
Bulk gas pressure, P; (MPa) 4.0
Equilibrium temperature at well bore pressure, T, (K) 274
Equilibrium pressure of inter phase temperature, P , 7.1
Driving force for heat transfer equations (eq. 5.4) ' T;-T
Driving force for kinetic equations (eq.5.5) P-p,
Driving force for fluids flow equations (egs. 5.7 and 5.8) P.-P,

R e o - _______]
Page 32




Production Technologies for exploitation of Gas Hydrates

Depressurization:
1. P, =10" exp (49.3185-(9459/T))

Ts=282K
Pse = 10" exp (49.3185-(9459/282)) = 7.1 MPa

Decomposition rate controlled by heat flow:
2. dX (t) /dt = (a/t)
Sample Calculation:
Attime (t) =1

dX (t)/dt=2A \/% = 0.202x V(0.5/1) = 0.1428

at time (t) = 2 ,dX(t) / dt = 0.101

3 hellerfo(d) =

N3
_ 2X (1-x2 | X*  X¢
4 erfon =1- R+ G- 55t o)
A =0.202
_ pCp(Ti~-Toe)
5. Ste = TORGAH

Where, p is the density of porous medium including the hydrate (kg/m3) =2675
c, is the heat capacity (kJ/kgK) = 1.6

® is the porosity = 0.6
= {(2675x1.6x (284-274))/ (914.7x0.6x477)} = 0.1634
Distance of front:

dX(t)/dt=K\[%

Integrate the above equation with respect to (t)

X M) =Mmax2t

Sample calculation:

At =1,
X () =MW x 2 T =0.202x V0.5 x 2 x /T = 0.28567
At () =2,

X (t) = 0.404.

M
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Table.4.7 Calculated results of Dissociation interface by heat transfer

Decomposition rate controlled by Heat Transfer
dX(t)/dt Time (Years)

0.1428
0.1010
0.0824
0.0714
0.0638
0.0583
0.0539
0.0505
0.0476
0.0451

O] 0] )] O] L | W] ] —

—
o

Plot no. 4.1 Rate of the dissociation interface (dx (t)/t)

0.16 -
0.14

0.12 1
0.1 1
0.08 -
0.06 -
0.04 -
0.02 1

0 4—— . T . . g -

«==  Heat flow

dX(t)/t m/day

Time (years)




Table.4.8 Calculated results of Distance of front

Decomposition rate controlled by Heat Transfer

X(®)

Time (Years)

0.285

1

0.404

0.494

0.571

0.638

0.699

0.755

0.808

0.857

O] 00 Q| O] L] &| W N

0.903

—
o

Plot no. 4.2 Distance of front for heat flow

distance of front(m)

1 -
0.9 -
0.8 -

0.7

0.6 -
05 -
0.4 -

03

02,

0.1
0

~== Heat flow

Time (years)
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Decomposition rate controlled by fluid flow:

dX() _ ( KKrwPpwAp )(1)
Toodt 2 pw(1-Fug)dpy/ \t

Where k_ is the relative permeability with respect to water (m%s) =0.1

3
p,, is the density of pure water (kg/m ) = 1000
AP=P-P; is the pressure difference between the bulk gas pressure at the interface (P;)

and the wellbore pressure (p ) = (4-2.67) = 1.33.
. is the viscosity of water (Kg/ m.s)= 1x 10

F]_lg is the mass fraction of gas in unit mass of hydrate = 0.1339

Sample calculation:
At(t)=1,

_ 1.0 X 10~1% X0.1X1000X1.33 3'] - 6
dX (/dt= \/ [2x1o-3x(1—o.1339)xo.6x914.7 X t 1'1828 x 10

At (t) =2, dX (t)/dt = 8.3636x1077

Decompesition rate controlled by gas flow:
dxc) _ ( kkgwpgAP ) (_1_)
dt 2 ug(Pug)dpn/ \t

Where kgw is the relative permeability with respect to gas = 0.5

p, is the density of gas = 80 Kg/m’
u, is the viscosity of gas = 0.02 x 10°

Sample caleulations:
At(t)= 1, dX (ty/dt=1.3453 x 10”

At (t)=2,dX (ty/dt=9.5127 x 10
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Table.4.9 Calculated results of Dissociation interface by fluid flow and gas flow

Decomposition rate controlled by fluid flow

Decomposition rate controlled by gas flow

dX(tydt X107 Time (Years) dX/dt X 10° [ Time (Years)
0.1182 1 0.1345 I
8.3636 2 9.5127 2
6.8288 3 7.767 3
5.914 4 6.7265 4
5.2896 5 6.016 5
4.828 6 5.492 6
4.470 7 5.084 7
4.1818 8 4.75 8
3.942 9 4.484 9
3.740 10 4.2542 10

Plot no. 4.3 Rate of movement of dissociation interface for fluid flow

dX[t] /dt m per day
OFRr NDNWAE VIO W

Time (years)
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Plot no.4.4 Rate of movement of dissociation interface for Gas flow

= gas flow

10 -
94
z 8
o 6 -
E 5
b
3 4
z 3
g 2]
1..
0" T Y 0
0 2 4 6
Time (years)

Distance of front for fluid flow:

Sample calculatiops:

Integrate with respect to time (t)

-14
X () =2x J[ 1.0 X 10~ X0.1X1000X1.33 ]x i

2X10‘3X(1-0.1339)X0.6X914.7
At()=1,X (t)=23656x 10°
At()=2,X(t)=3.345x10°

Distance of front for gas flow:
Sample calculations:

Integrate with respect to (t)

1,0x1071* x 80 x 1.33
x®=2x || | xvt
® ZxJ 2x0.02x1073x0.1339x 0.6 X 914.7 vt

At(t)=1, X (t)=2.269 x 10°
At(t)=2, X (t)=3.208 x 10°

10
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Table 4.10 Calculated results of Distance of front

Decomposition rate controlled by fluid flow | Decomposition rate controlled by gas flow
Distance of Front(m) x 10 | Time(Years) Distance of Front(m) x 10° | Time(Years)
2.365 1 2.269 1

3.345 2 3.208 2

4.097 3 3.390 3

4.731 4 4.538 4

5.289 5 5.073 5

5.794 6 5.558 6

6.258 7 6.000 7

6.690 8 6.417 8

7.096 9 6.807 9

7.480 10 7.175 10

Plot no.4.5 Distance of front for water flow

8 -

7

Water flow

distance of front{m)
E-Y

0 2 4 6 8 10 12

Time (years)
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Plot no.4.6 Distance of front for Gas flow

o ndigange gffrigntim) ,

1 2 3 4 'I'ln:ﬁe (Yegrs) 7 8 9 10

Plot no. 4. 1 - Plot no.4. 6 Comparison of the dissociation rate controlled by heat

transfer, water flow and gas flow

Table 4.11 Production Rate data,

Time (Years) Production Rate (BCF/Year)
9.93x 10% 1.4583

0.453 1.2666

1.09 1.2230

2.04 1.2171

3.30 1.317

Plot no 7. Cumulative production of well

3,

25 -

" == cumulative
production

2 -
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CONCLUSION

Methane hydrate presents an enormous supply of energy source and found through out the
world in permafrost and continental margin of oceans. However, its optimal recovery requires
that reservoir should have high hydrate saturation value. Methane that is trapped in the
hydrate can be recovered and potentially used on-site. Methane hydrates can be recovered
through three methods such as decompression, inhibitor injection, and thermal injection. Each
method has advantages and disadvantages related to site propeﬁies and safety. Each .
characteristic, including the potential methods of recovery was discussed in this review.
For the hydrate ridge suggests the followings:-
1. Hydrate saturation is very low except summit region.
2. Due to very low permeability and high hydrate saturation value at summit, thermal
injection method is suggested as a potential recovery method. Recovery from other
sites will make this recovery method infeasible.
3. Using thermal injection method, we can produce 1-3 BCF/year
4. The production by only depressurization is not economical in this case. With the
help of hot fluid injection, this would eliminate the heat transfer effect and help
enhancing the Kinetics of dissociation. If the heat transfer and kinetics are no longer
the rate limiting steps, we can be able to meet target production rate.

5. Inhibitor injection is neither environmental nor economic and thus is not a viable

hydrate recovery method.
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