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1.0 TECHNICAL PERSPECTIVE

Solid, ice-like mixtures of natural gas and water in the form of natural gas
hydrates have been found immobilized in the rocks beneath the permafrost in Arectic
basins, and in muds under the deep wateré along the American continental margins in the
North Sea and several other locations around the w'orld. The Arctic areas of the United
States may contain as much as 500 trillion SCF of natural gas in the form of gas hydrates
(Lewin and Associates, 1983).

While the U.S. Arctic gas hydrate resources may have enormous potential and
represent the long term future source of natural gas, the recovery of this resource from
reservoir completely "frozen" with gas 'hydrates has not been commercialized yet.
Continuing study and research is essential to develop technologies which will enable a
detailed characteri’zation and assessment of this alternative natural gas resource;

development of cost effective extraction technology.



2.0 OVERALL PROJECT GOALS

The overall project objectives are outlined as follows:

To Gather Data and Information Relevant to Gas Hydrates in the Arctic

The specific aspects include:

*

*

*®

L

%

3

Geology of Alaska's North Slope Region

Geothermal Gradient Data for Alaska's North Slope (ANS)

Tar Sand Deposits of Alaska's North Slope

Land-Sat and Other Related Remote Sensing Surveys of ANS
Depths, Thicknesses and the Areal Extent of Permafrost on the ANS
Seismic Data of ANS

Electromagnetie Surveys and Profiles of ANS

Ground Water Availability of ANS

Subsea Permafrost of the Beaufort Sea

Data and Maps of the ANS Oil and Gas Well Locations

To Review Gas Hydrate Literature, Current Research, State-of-the-Art Technology

The specific aspects include:

*

%

Cémpilation and Review of Gas Hydrate Phase Equilibrium Data and Predictive
Models |

Review of Gas Hydrate Recbvery Models

Review of Gas Hydrate Properties and Compilation of Available Literature
Data

Review of Geologic Occurrenée of Gas Hydrates

Review of Methods for Detection of Gas Hydrates

Reviev\f of Potential of Gas Hydrates as an Energy Resource

Review of Other Gas Hydrate Literature and Current Hydrate Research

To Develop Contacts



To develop contacts within the petroleum industry and other agencies within the

State of Alaska to obtain access to well logs, core samples, water samples and for

in-situ measurement of potential gas hydrate zones and to provide DOE with all of

the public information.

To Study Implications of Dissociation of In-Situ Gas Hydrate Deposits

The following aspects are addressed:

* Implications Related to Drilling and Production from Hydrates

®* Development of Thermal Model to Predict, the Degree of Dissociation of Gas
Hydrates During Drilling |

* Development of Guidelines for Drilling in Presence of Hydrates

* Effect of Dissociation of Gas Hydrates on Subsidence

*  Mechanieal Properties of In-Situ Gas Hydrates

To Conduct Experimental and Theoretical Modelling Work for the Development of

'l"echniquos for Recovery of Natural Gas from Gas Hydrates

A. Thé experimental work on study of hydrate cores address the following:

* Formation of Gas Hydrates Within the Porous, Unconsolidated Cores and
Measurement of Hydrate Formation Rates and Study of Kineties

* Measurement of Pérmeability of Cores During Hydrate Formation, as &
function of hydrate saturation.

* Dissociation of Hydrates Under | Various Conditions (such ss,
depressurization, hot brine and steam injection and measurment of gas
production rates) | |

‘#  Study Hydrate Dissociation Mechanism, Heat Transfer Mechanism and
Convection Effects Under Above Conditions
B. The hydrate recovery modelling effortsrinclude:
* De\felopment of ﬁ fundamental hydrate dissociation model which considers

unsteady state heat transfer to hydrates in r-z directions. This will be a



finite difference simulator and will include both heat conduction and
convection effects, |
* Application of the model to brine, hot water, steam injection and
vdepressurization methods. Experimental data will serve as the basis of our
theoretical model.
To Conduct Economic Analysis of Gas Hydrate Production
The analysis will consider various hydrate recovery methods and compare relative
costs. The results of our hydrate recovery models will serve as the basic data for
the economic analysis. Also, the various options of natural gas utilization will be
evaluated.
To Conduct Experimental Study of Hydrate Formation in the Presence of Heavy Oil
In reservoirs where gas hydrates coexist with heavy oil or tar sands it is possible
that gas hydrates might have affected the properties of these heavy oils and also
may affeet the performance of thermal recovery rﬁethods. To develop better
understanding of hydrate-heavy oil relationship the research is devoted to the
following:
* Study hydrate formation from light hydrocarbon gases and West Sak and
Prudhoe Bay crudes
*  Measure equilibrium hydrate forming conditions
* Study effect of hydrate formation on the oil properties (such as, bubble point

pressure, density and viseosity)
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1. Alaskan Arctic North Slope Data Gathering

During the past year, we have conducted a thorough literature search to gather
available information on geology of ANS; geothermal gradient data for ANS; Land-Sat
and other related remote sensing surveys; depths, thicknesses and the areal extent of
permafrost on the ANS, seismic data, electromagnetic surveys and profiles of ANS;
ground water availability, maps and data of ANS oil and gas well locations. A complete
bibliography of all the published information has been prepared. Review reports for some
of these sreas are given in this section. We will submit review reports for other areas
later. A set of documents have been delivered in the past to DOE-METC.

In addition to the published information, we have also focussed our attention on
acquiring digitized well log data for wells located on the ANS and offshore Prudhoe Bay
areas. We have received digitized well log data on magnetic tapes from Alaska Oil and
Gas Conservation Commission. The well log data will include wells from the following
areas of ANS:

1. West Sak Sands in the Kuparuk River Unit (25 wells)

2. Ugnu Sands in the Kuparuk River Unit (10 wells)

3. Kuparuk Formation in the Kuparuk River Unit (250 wells)

4, Prudhoe Bay Unit (200 ﬁreﬂs)

5. Offshore Prudhoe Bay Unit (not yet received)
For well log analysis, we have'receiVed software packages LOGCALC and LOGCALCH
from Scientific Software Intercomp. These software packages have been installed and
tested. vHistograms, crossplots, three-dimensional plots ecan be generated using these

interactive software packages to aid quick well log analysis.

2. Geologj of Alaska's North Slope Région,

Alaskan North Slope region is subdivided tectonically into three major east-west

trending elements. These elements are the Barrow Arch, Colville Trough, and Brooks



Orogen. The Barrow Arch is a subsurface broad regional structure. The axis of this arch
follows the Beaufort Coast from the foothills of the Brooks Range to Point Barrow and
continues onto the Chuckchi Sea. The arch developed during Late Jurassic or Early
Cretaceous time on the northern providence of the Arctic platform. Consequently,
southward-sloping platform south of the arch and a northward-sloping continental margin
north of the arch evolved Cretaceous and Tertiary sedimentation north of the arch
prograded the Beaufort continental ferrace north from the arch across the presently
formed continental marg'in.

The earliest known tectonic feature on the North Slope region is the east-west
oriented Colville Geosyncline. Between Cambrian and Devonian times, the geosyncline
was filled with miogeosyncline of rocks, both ev- and miogeosyncline facies, which are
metainorphosed. | Sometimes during the Devonian time the region was uplifted and a
broad stable Arctic platform extended along Northern Alaska. Mari_ne sedimentation
continued for late Devonian or Early Mississippian through Early Cretaceous times and
created the second sequence of rocks. Clastic and carbonate sediments derived from a
nothern source area were deposited on the platform. Near Prudhoe Bay these rocks
contain giant oil and gas accumulations. At the close of the Jufassic or the beginning of
Cretaceous time, intense tectionic activity cqmpressed the southern part of the platform
and thrusted Paleozonic to Cretaceous rocks northward onto the central part of the
platform. The éompression resulted in thé uplifting of the Brooks Range - Herald Arch,
'whicl'; éubsequently supplied sediments. détritus for the third sequence. Cretaceous
sedimentary rocks of the Colville Geosyncline underlie most of the Nothern Chuckehi
Shelf and North Slope. ' '
| The major filling of the Colville Geosyneline occurred during the Cretaceous. The
continued uplift in the Brooks Range ihtermitténtly supplied detritus northward during
the Tertiary. The area was exposed and submerged under the sea repeatedly. From the

Middle Eocense until Middie Pliocene time the region was above sea level. The area may



have submerged briefly as a result of deposition of the fourth sequence. During the
Tertiary a stream-sculptured topography similar to that observed today probably
developed on the North Slope region.

At the beginning of the Pleistocene epoch crustal warping resulted in marine
transgression and the final sequence of sediments was deposited on the North Slope
region. The sediment deposited dui'ing the Pleistocene have covered the Tertiary
topography and formed a monotonously flat platform.

The Pleistocene epoch also connotes a repeated ice cover during glacial stages and
the wanning of glaciers during interglacial stages. Each glacial eycle was followed by
changes of sea level in Northern Alaska. The brightest sea level attained during the
interglacial stage is estimated at about 30M higher than present sea level. During
intense glacial marine intervals the sea level fell about 100M below the present
strandline, |

On the North Slope the unconsolidated Quaternary sediments overlie Tertiary or
Cretaceous sediments. The Quarternay sediments are mostly fine-grained sand and silt
and occasionaﬂy clay an& gravel, which are product of frosting and aeolian deposition.
The entire regions is underlain by permafrost, which acts as a cement for these

sediments. However, annual freezing and thawing in the upper layer forms loose

sediments, which are modified by alluvial, Lacustrine, and aeolian reworking and tundra

soil development.

The Brooks Range Orogen Vis dominated by‘ thrust faults, and the subsurface
geology in the area is not well known. Northern parts of the Brooks Range, the Foothill
Fold Belt, consists of shallow folds with complex axial shale cores while southern zone
comprising similar complex folds and thrus’t faults. Several structufes in the northern
part of the Foothills Fold Belt are hydrocarbon bearing and may have contributed to
formation of gas hydrates.

The potential reservoir beds in the North Slope region of pre-Tertiary age in



ascending order are:
1. Mississippien-Pennsylvanian clastic facies of the Lisburne Group;

Mississippian "Dolomite Unit" of the Alaph Limestone;

Pennsylvanian-Perian Wahoo Limestone;
Permian Ikiakpaurak member of the Echooka Formation;

Triassic "vishak Sandstone™;

O)U‘:F“N

Triassie Sag River Sandstone;

Eearly Jurassic "Barrow Standstone";

o0 -3
. .

Late Jurassic "Simpson Sandstone";

9. Jurassic-Neocaomian Kuigak Formation includes potential reservoirs "Peard
Sandstone", Neocomian "Kealok Anomaly"; and -

10. Cretaceous rocks include "Pebble Shale" sandstone, "Walakpa Sandstone", Basal

Torok", and marine and nonmarine sandstones of the Nanushuk Group.

3. Groundwater Availability of ANS

Most of the North Slope region is underlain by as much as 550m thick layer of
perenial frozen material called permafrbst. Between the ground surface and the upper
permafrost is a shallow layer of soil that thaws to & maximum depth of 0.5m during the
brief summer and refreezes during late fall. bThis soil accumulates water from rain, snow
and ice melt but deeper infiltertion of water is prevented by the permafrost. The
presence of permafrost in the}North Slope region provides unlimited supply of surface
watef during summer, the lack of sﬁbsurface drainage severely ﬁmits the availability
dqring other seasons.

North Slope region is covered by numerous large and small lakes and marshes and
drained ‘by numerous rivers and streams. Arctic lakes can be divided into two
categories: 1) glacial lakes and, 2) thaw lakes. Glacial lakes are formed in thg foothills

and upper reaches of the Brooks Range close to the source of the glacier. These are few



in numbers and are mostly located in the southern regions.

Thaw lakes, quite common and numerous are formed by the pooling of melted
snow and ice in shallow depressions, augmented during summer by the thaw from
underlying permafrost. Summer thaw over long period widens and deepens the lake.

During winter water supply can be drawn from unfrozen alluvium located beneath
deeper lakes and deep meander pools along the channels of the major rivers, commonly
known as thaw-bulb. Near the coast thaw-bulb may contain brackish and saline water,
inland the water quality is generally good. The year round availability of potable water
from thaw-bulb have been evaluated, however, overall quantity and reliability of the
fresh water supply in the North Slope region has not been fully explored. Black (1955)
reported large quanitites of ground water on the Arctic Slope in deep lakes, major
perennial streams, and rin hot spring areas. He noted that permafrost surface is
significantly lower or even absent under major rivers which flow throughout winter and
have flood plains extending over hundreds of meters. The thickness of alluvium
containing sandy gravel of varying thickness, generally between few meters and 10's
meters.

The alluvium aquifers underlying river generally have better quality water and
greater storage potential than those underlying lakes beceause rivers recharge their
acquifers during flow period. Lakes on the otherhand at surface freeze to a depth of 2-3
meter and thus transfer inpurities to the underlying unfrozen bottom water.

The winter storage capacity of some thaw-bulb can be inereased by pumping
freshwater during thaw period. The storage will depend on the extent of the reservoir,
rock type and flow characteristic includihg porosity, pernieability and geothermal

gradient.

4. Geothermal Gradient Data for Alaska's North Slope (ANS)

The northern part of the North Slope is mostly covered by thaw lakes and ponds.



The area is also drained by numerous rivers and their tributaries. The remainder of the
areas have a thin cover of unconsolidated thin veneer of sediments with or without
vegetation cover typical of Aretic tundra. Beneath these surface geomorphic features is
a thick layer of permafrost. The nature of the permafrost is dependent on the lithology
and the texture of the rock; | |
At shallow depths the geothermal gradient in the Arectic is influenced primarily by
the following:
1.  Actual temperature of the ground surface
2.  Presence of surface water, i.e. thawed lakes, ponds and river beds
3. Presence of tundra and their vegetation cover
4. Texture and iithology of the substrate
The thickness of the underlying permafrost is to some extent dependent on the
geothermal gradient, therefore, the depth of the permafrost in the Arctic varies
according to the prevailing surface conditions. _ ’
During World War II the increased construction of roads and buildings in the Aretic
necessitated a need for the study of characteristics and behavior of perennial frozen soil
and ground. Thus, a great interest was evolved in measurements of the geothermal
gradients in the Arctic. Later activities prior to and subsequent to the development of
the vast fossil energy and mineral resources further intensified the investigation and
measurement of the geothermal gradients throughout Alaska.
The early investigations and measurements of the geothermal gradients in the
- Arctic were conducted by MacCarthy (1952). Measurements near Barrow indicated that
the seasonal surface variations in temperature could iower the subsurface temperatures
to a maximum of -10°C. He further noticed that the 0°C isotherm varied between the
depths 670 and 1,300 feet. In general, increasing in depth with increasing distance from
the nearest large body of w_ater. The depth of 0% isofherm also defines the depth of the

permafrost in this region.



Brewer (1958) published thermal data collected over a period of six years. Most
~ importantly he identified the problems related to the temperature and distribution of
permafrost in the Arctic. He confirmed earlier observations by MacCarthy that the
lowest subsurface temperature reached to -10.6°C and effect of seasonal variations was
limited to depth varying between 70 and 100 feet. The variations in shallow thermal
gradients due to seasonal variations depended on the surface temperature, snow cover,
soil moisture content and other physical properties.

The investigations of Brewer (1958) also revealed the Arctic lakes with diameter
-of approximately one-half mile or more and with depth of seven feet or more remained

unfrozen at the bottom during winters.
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ABSTRACT

Natural gas hydrates occurring beneath permafrost regions of the world, are
gaining increasing importance in view of their enormous potential as a source of
natural gas. The review evaluates the present state-of-the-art in gas hydrate
Iiteratdre. Various aspects of hydrate-related studies including occurrence,
detection, kinetics, thermodynamics, and phase equilibrium are discussed. Finally,
an attempt has been made to point out the inadequacies in areas of practical

importance and recommendations for future work are outlined.



%“ | SCOPE

Solid ice-like mixtures of natural gas and water in the form of natural gas
hydrates have been found immobilized in the rocks beneath the permafrost in
Arctic basins and in muds under the deep water along the American continental
margins, in the North Sea vand several other locations around the world. It is
estimated that the arctic areas of the United States may contain as much as 500
trillion SCF of natural gas in the form of gas hydrates (Lewin and Associates, 1983).
While the U.S. Ardic gas hydrate resources may have enormous potential and
represent long term future source of natural gas, the recovery of this resource from
reservoir "frozen" with gas hydrates has not been commercialized yet. Continuing
study and research is essential to develop technologies which will enable a detailed
characterization and assessment of this alternative natural gas resource, so that
development of cost effective extraction technology. This study presents a state-of-
the-art review of the various aspects related to gas hydrates. Reviews on gas
hydrates have been published earlier by Byk and Fomina (1968) and Makogen
(1981). Since then, many articles have been published on different aspects of gas
hydrates. An attempt has been made in this review to provide a more complete and

up-to-date information of gas hydrate literature.
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1. INTRODUCTION

In regions, such as northern Alaska, where low temperatures persist far below
the earth's surface, natural gases combine with water to form solids known as
natural gas hydrates. Hydrate deposits are also found (Kvenvolden and
McMenamin, 1980) in other regions of the world where conditions are
thermodynamically favorable for their existence. Gas hydrates are
nonstoichiometric, crystalline, ice-like solids formed due to encagement of gas
molecules in the interstices of hydrogen bonded water lattices and have a
composition of approximately 85 mole % water and 15 mole % of natural gas. They
contain abproximately 170-180 SCF of natural gas per cubic foot of hydrate and
hence represent an attractive source of gas, provided that the gas can be
economically recovered. Because of the relatively immobile and impermeable
nature of the gas hydrates, they have to be dissociated io gas and water in order to

produce natural gas from hydrate reservoirs.

Gas hydrates represent a concentrated form of natural gas and thus an
attractive potential energy resource for the future. Enormous quantities of natural
gas is estimated to occur in the world in the form of gas hydrates, though the
estimated values vary widely (1.4 x 10 13m3 to 7.6 x 1018 m3). (Meyer, 1979,
Dobrynin, et al, 1979, Mclvér, 1979). Because of this potential resource, the
production of natural gas from these naturally occurring hydrate zones and the
problems associated with the production are becoming increasingly importént. The
possibility of production of natural gas from the hydrate zones has been proposed
and preliniinary work on modelling the production techniques has been done.
There, however, remains a vast amount of information regarding the in situ nature

of hydrates, their physical, kinetic and transport properties, that is unknown.




2. NATURE OF GAS HYDRATES:

Gas hydrates are crystalline, ice-like solids wherein the gas molecules are
encaged in the interstices of the hydrogen bonded water lattices. The first

published study of hydrates of gases goes back to 1810, when the English chemist,

. Sir Humphrey Davy, formed chlorine hydrates in his laboratory (Faraday, 1823).

These studies indicated that hydrates are non stoichiometric compounds and the
number of gas molecules per water molecule in the hydrate phase depend upon the
conditions under which they were formed. Much of the early work in the late
nineteenth century and the start of the twentieth century, on hydrates of methane,
ethane, carbon-di-oxide by Faraday, Villard, deForcrand and others has been
reviewed by Schroeder (1927).

The study of gas hydrates at the beginning of the twentieth century did not
have any direct industrial application until the beginning of the 1930's when
Hammerschmidt (1934) first reported that the plugging of natural gas pipelines was
caused by hydrates. With the rapid development of gas-producing industries,
subsequently, efforts wefe made to study hydrate forming conditions of different
gases and to develop methods of preventing their formation and accumulation in
gas pipelines and in wells drilled for gas production.

During the last half century, numerous experimental and theoretical studies
have been carried out on measuremeht of pressure, temperature, and composition
conditions for hydrate formation. Interest in gas hydrate résearch has been
renewed, primarily due to the recent discovery of in situ natural gas hydrates in cold
regions, such as Alaska, Canada's NorthWest Tefritory, and in deep ocean sediments.
(Stoll et al, 1971; Hand et al, 1974; Holder et al, 1976; Holder et al, i980; Godbole et
al, 1986). |



3. STRUCTURE OF HYDRATES

Gas hydrates are nonstoichiometric crystalline compounds wherein the gas
molecules are encaged in the interstices of the hydrogen bonded water lattices.
They belong to a class of inclusion compounds called clathrates (Brown, 1962) which
are nothing but chemical compounds wherein one component fits into a cavity in
another component without any chemical bonding between them. In case of gas
hydrates, the interaction between gas and water molecules is purely physical in
nature and as such, the gas molecules are not part of the lattice framework. The gas
provides stability to the hydrate phase, since, in absence of gas, no water lattice is
formed.

The first attempt to investigate the structure of hydrates was made by Nikitin
(1936) who suggested that gas hydrates are nonstoichiometric inclusion
compounds, called "clathrates,” made up of a metastable "host" crystal lattice of
water molecules within which the "guest™ gas molecules are held by van der waal
forces. Claussen (1951), Pauling and Marshal (1952), and von Stackelberg and
Muller (1954) employed x-ray difffaction techniques to study the structure of
hydrates and showed that gas hydrates crystallise in either of the two structures
called | and Il. The water molecules forming the crystal lattice interact among each
other through hydrogen bonds whereas they interact with the "guest” gas
molecules th}ough weak van der waal forces. The crystalline structure formed by
water Iatticé is composed of cavities of different sizes, and for producing a stable
hydrate, only one-third.of the cavity has to be occupied by gas molecules.

R Stfu_cture | unit cell is made up of 46 water molecules, with 2 small and 6 large
cavities of 5.1°A and 5.8°A average free diameter respectively whereas structure Il
consists of 136 water molecules, with 16 smal.l and 8 large cavities of 5°A and 6.7°A
average free diameter respectively. The small cavities of structure | are regular

pentagonal tetrahedra whereas the tetrakaidecahedral large cavities consists of



twelve pentagonal sides and two opposite hexagonal sides and are surrounded by
twenty four water molecules. The céviiy sizes are more equal in structure Il, which is
formed only when the "guest” gas molecules are too large to fit in cavities of
structure I. Thus, e.g., propane, which has an average free diameter greater than
5.8°A, does not form structure | hydrate and can only form structure 1l hydrate. The
smaller cavities of structure Il are pentagonal dodecahedra and are slightly
deformed with a mean free diameter of 5°A. On the other hand, the larger cavities
of structure Il are nearly spherical and are hexadecahedral. Table 1 gives the
hydrate latice properties of both the structures. Figures 1 and 2 give molecular
arrangement of structures | and Ii.

Whether structure | or structure Il hydrate is formed depends upon gas
composition, molecular size and temperature of the system. In general, biogenic
gases form structure I, due to smaller molecule;, whereas thermogenic gases usually
form structure I, with molecules larger than ethane. A hydrate iS formed when the
lattice has been occupied by sufficient number of molecules to result in a stable
structure. The hydrate number is defined és the ratio of number of water molecules
to number of gas molecules in the hydrate phase. Different values of n are possible
due to the presence of unoccupiéd cavities at thermodynamic equilibrium. The
minimum value of n for structure lis 5.75 when all the cavities are occupied and 7.66
when only the large cavities are occupied. The corresponding values for structure |l
—are 5.67 and 17 respectively. Thus, isobutane, which can only fit into the larger
caviﬁes of structure 11, should have hydrate number greater than or equal to 17.
Table 2 gives the hydrate numbers for different gases. |

As pointed above, the hydrate crystals can be stabilized even if the gas
molecules partially occupy the available cavities in structure | or Il. However, small
molecules like methane cannot stablize structure Il and even structure | cannot be

formed by pure hydrogen. This is because the energy of stabilization results from



van der Waal type forces, which are a function of the polarazeability of molecules,
and hence small molecules interact weakly with the lattice. Also, as these forces are
proportional to (1/v6), where vy is the average separation between the guest and
lattice walls, the empty water lattice cannot be sufficiently stabilized by small
molecules in large cavities of structure | and Il. However, Barrer and Ruzicka (1962)
showed that in presence of other hydrate formers capable of stabilizing the
structures, it is possible for methane and even hydrogen molecules to occupy the
smaller cavities of structure Il.

In addition, Barrer and Edge (1967) and Ceccotti (1966) suggested that, apart
from structures | and I, hydrates can also form other structures. Allen (1963) has
substantiated this claim by showing that bromine hydrate can have a different

structure with 172 water molecules and containing 20 cavities per hydrate crystal.
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FIGURE 2: STRUCTURE |l HYDRATE REPRESENTATION
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TABLE 1: PROPERTIES OF HYDRATE LATTICE

(After Kamath (1984))
Small Large Small Large
Cavities Cavities Cavities Cavities

Cavities per Unit Cell 2 6 16 8
Cavity Radius, °A 3.95 4.30 3.9 473
Co-ordination Number 20 24 20 28
Cavities Per Molecule 1/23 3/23 2/17 117

Structure ! Structure Il
1) Number ofWater 46 136

Molecules per Unit Cell

2) Typical Examples - CHg, CoHg, Ar, Kr - C3Hg, C3Hs,

, i-butane, cyclo-propane




TABLE 2: HYDRATE NUMBERS FOR DIFFERENT GASES

Hydrate No.

Hydrate No.

Gas Experimental | Theoritical | Reference
1) Methane 6.0 de Forcrand (1902)
6.0 Hammerschmidt (1934)
7.0 5.75 Roberts et al (1940)
5.8-6.3 Kobayashi et al (1976)
6.15 Kamath (1984)
2) Ethane 7.0 de Forcrand (1902)
6.0 Hammerschmidt (1934)
7.0 Roberts et al (1940)
8.3 7.66 Deaton and Frost (1946)
7.9-8.5 Kobayashi et al (1976)
8.0 Kamath (1984)
3) Propane 7.0 Hammerschmidt (1934)
18.0 Deaton and Frost (1946)
6.0 17 Miller and Strong (1969)
19.6-19.8 Ceccotti (1966)
18.0 Kamath (1984)
4) i-butane 18 Schneider and Farar (1968)
17.5 17 Rouher and Barduhn (1969)
15-17 Godbole (1981)
5) Carbon Dioxide 6.0 Villard (1888)
6.0 7.66 . |deForcrand (1902)
7.0 Deaton and Frost (1946)
7.2 Kamath (1984)




4. OCCURRENCE OF HYDRATES

The widespread existence of in-situ gas hydrates in nature and their potential
as an alternate resource of energy and an attractive resource of natural gas in the
future has rekindled interest in gas hydrates in the petroleum industry and among
researchers.

One of the earliest discoveries of in situ gas hydrates was in the mid-1960's
when huge deposits of natural gas hydrates were found to occur in sediments
below permafrost in Siberia in USSR. (Cherski and Makogen, 1970). Subsequently,
significant quantities of naturally occurring hydrates on land have been discovered
primarily in permafrost regions of the earth where low temperatures are favorable
for hydrate production. Some of the regions of best potential where in-situ natural
gas hydrates have been detected include the North Slope of Alaska, the McKenzie
Delta of Canada, and the Western Siberian Basins of U.S.S.R., including Messoyakha
Field. Figure 3 shows the potential regions of hydrate existence on the U.S. land and

waters.

Onshore Hydrate Occurences:

Gas Hydrates in the Arctic

As mentioned before, the presence of naturally occurring gas hydrates has

been established in the Arctic areas of Alaska, Canada, and USSR in the subsurface
~ permafrost zones of hydrate stability. More than 23% of the earth’s land mass is
covered by permafrost (permanently frozen ground) and is mainly confined to
Alaska (75% of the total area), 'Canada (63%), USSR (47%), polar regions of
Scandinavia, Greenland and Antartica (Handbook of Gas Hydrates, 1983).

~ Katz (1972) suggested that natural gas dissolved in crude oil could form
hydratesAwith water phase in absence of gas phage. The sandstone reservoir of thé

Messoyokha field in the Soviet Union is the largest known onshore field where gas
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hydrates occur ata depth of 800 ft. and the reserves are estimated to be 1 billion
cubic metres. In Prudhoe Bay, Alaska, hydrates can exist to depths even beyond
1200m, since the depth of permafrost itself is 700m. (Katz 1971, 1972). In fact, a
crude oil was found at 1200m denuded of its lighter paraffinic components which

might be explained by formation of hydrates.

Natural Gas Hydrates in the Alaskan Arctic

The interest in gas hydrates in the Alaskan Arctic was first stimulated by the
discovery of huge oil and natural gas resources on the North Slope of Alaska. Katz
(1971) indicated that gas hydrates can be stable up to depths of 1,200 meters on the
North Slopé of Alaska. On March 15, 1972, ARCO and EXXON provided the first
confirmed evidence of the presence of gas hydrates in Alaska when they recovered
gas hydrate core samples in pressurized core samples at several depths between 577
and 776 meters from the Nofthwest_ Eileen #2 well in the Prudhoe Bay field
(Kvenvolden et al, 1980). Collett (1983) and Collett and Economides (1983)
examined one hundred. and twenty-five wells in the North Slope of Alaska and
identified one hundred and twb definite hydréte occurrences in thirty-two different
wells. Godbole and Economides (1985) examined thirty-four wells in Alaska and
indicated that in fourteen wells there is a possibility of hydrate occurrence. Kamath
et al (1986) examined forty-six wells and showed that in ten wells gas hydrate
deposi{s may be found. |

Ac_cdrding to Collett et al (1984), the estimated amount of natural gas trapped
within gas hydrates in the Kupurak fiéld is about 5.3 x 1010 ft3 per square mile (579 x
106 m3 ber square kilometer). They used the Pickett cross plotting technique along
with corrected neutron porosity and sonic porosity values to determine depth,
thickness, porosity and saturation of in-situ gas hydrates. Recently, Mathews (1986)

described the logging characteristics of gas hydrates in the Northwest Eileen Well
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#2 and estimated the amount of natural gas trapped within hydrates to be about
1.75 x 1010 - 3.77 x 1010 ft3 per square mile (192 x 106 - 412 x 106 per square

kilometer).

Offshore Hydrate Occurences : |

As far as offshore areas are concerned, hydrates have been found to occur
naturally mainly in the margins of the outer continental shelf, and have been
defected by drilling and seismic profiling of depths of more than 450m. Stoll et al
(1971) suggested that gases coming oﬁt from ocean sediments cores must be due to
hydrate dissociation to gas at atmostpheric pressure. Some of the offshore areas
where hydrates have been found include the Beaufort Sea shelf, the Blake Bahama
outer ridge on the east coast of United States, the Mid-American Trench, the west
coast of Gautemala, the Gulf of Mexico, and Pacific Ocean off West U.S. coast
(Halleck et al, 1982).

The presence of hydrates in the Blake Bahama outer ridge was further
confirmed when the Glomar Challenger encountered marine sediments of high gas
content, which showed high seismic velocities (Mollister et al, 1972) and
anomaloussonic reflectors. Such a reflector, called the B\ottom Simulating Reflector,
was first notéd Blake Bahama OUter ridge of the North Atlantic (Marks et al, 1970,
Ewing and Hollister, 1972) and were subsequently also found in the North Pacific
(Scholl and Creager, 1973). Table 3 gives a summary of the occurrence of gas

hydrates in the world.

Estimated Reserves of Hydrates

It has been estimated that the in situ hydrate resources of U.S. may vary from 1
to 25,000 TCF for onshore deposits and from 2700 to 6,700,000 TCF for offshore
deposits (Mclver 1974, Meyer 1976).

13




Table 4 gives the estimated reserves of gas in the form of hydrates, both U.S.
and worldwide. These figures for estimation of reserves of gas vary widely due to

lack of sufficient data.
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TABLE 3: SUMMARY OF GAS HYDRATE OCCURRENCES IN THE WORLD

1)

Region
a) North Slope, Alaska
b) Norton Sound, Alaska

Reference

Jamison et al (1980)
Godbole et al (1987)
Kvenvolden et al (1980)

2)

Messoyakha Gas Field, USSR

Sapir et al (1973)
Makogen (1965)

3) BeaufortSea Stewart et al (1983)
Weaver et al (1982)

4) McKenzie Delta Bily and Dick (1976)

5) Arcticlslands Stuart-Smith et al (1976)

: Franklin (1981)

Trofmuk (1977)

6) Middle American Trench Brooks et al (1983)
Hesse et al

7) Bering Sea Cooper (1979)

8) Northern Canada Davidson (1978)

9) Northern California Continental Field and Kvenvolden (1985)

Margin 7 '

10)Offshore Region of Gautemala Geotimes (1982)

11)Southeast U.S. Dillon (1980)

12)Cormorant South Subsea Oil Well deBoer (1983)

13)a) Volcanic occurences Gaffney (1981)
Kaplan (1974)

b) Marine sediments

Milton (1976)
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TABLE 4: ESTIMATED RESERVES OF GAS IN HYDRATE FORM

World
On-shore

World
Off-shore

u.s.
On-shore

uU.S.
Off-shore

Dobyrynin (1979)

2.8 x1016m3

7.6x 1018

7.1x1016m3

1.9x 1017m3

Mevyer (1979)

1.4x1013m3

3.1x101'm3

Mclver (1979)

3.1x1015m3

7.6x 1013

Trofimuk (1977)
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5. KINETICS OF HYDRATE FORMATION

Although several studies have been made, since the beginning of the present
century to measure temperature and pressure conditions at which formation of gas
hydrates begins, there has been little effort on the part of investigators to study
kinetics and mechanism of hydrate formation. Thus, since the gas-water or gas-ice
interfacial surface area could not be characterized satisfactorily, the specific hydrate
formation rate could not be measured. Also the heat evolved due to the exothermic
nathre of hydrate formation at the interface, imposed additional limitations.

Thus the kinetic studies of gas hydrates can be classified into two main
categories:

a. Hydrate Formation from Water; and

b. Hydrate Formation from Ice Crystals.

a. Hydrate Formation from Water

The first aftempt to study the steady state kinetics of gas hydrate formation
from water was done by 'Knox etal (1961), who investigated the kinetcis of propane
hydrate formation in a bench scale water desalination unit. They combined
liquefied propane (which forms structure i) with ‘artiﬁcial‘water in a2 10 gallon CSTR
operating at 47 psig and 35°F. Their study indicated that with increase in stirrer
svpeed and thermal driving force, the rate of nucleation and hydrate growth
increases, resulting in higher yield but produces smaller crystals. Hence, whi!e
separating the hyd'rate crystals from the brine solution, it is difﬁcu'lt to completely
remove the entrapped water molecules within the solid hydrate mass.

In 1965, Pinder studied the kinetiﬁs of formation of tetrahdrofuran (THF)
hydrate (structure Il) at -0.5°C in a stirred batch reactor from various THF-water

mixtures and employed refractive index measurements to monitor concentration
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changes in the solution. In this case, since THF is water soluable, the question of a
gas-liquid or liquid-liquid interface did not arise. It was found that the rate is
directly proportional to concentration driving force and increases with stirrer speed.
It was proposed that diffusion of reactant species between hydrogen-bonded, THF-
water association complexes might be a plausible explanation of the mechanism of
hydrate formation.

The majority of the studies on hydrate formation have employed dynamic
conditions, where the gas-water contact surface is created by techniques like
mixing, bubbling of gas through water, mechanical agitation, etc. and which results
in the formation of an amorphous‘ mass. In contrast to this, Makagon et al (1981)
have studied the nucleation and growth kinetics of hydrates of natural gas under
isothermal quiescent conditions. It was found that the first step in the hydrate
formation process is nucleation of hydrate crystals and it invariably occurred on an
interface (e.g., gas-liquid, liquid-liquid, or solid-liquid). Thus the metal walls of the
experimental setup can adsorb gas molecules either from the gas phase or in
solution, providing good nucleation sites. Usually hydrate nuclei are formed on the
gas-water interface. In presence of crystallization nuclei, initially the crystals grow
at high rates till they cover the entire surface of gas-water contact (Surface-film'
hydrate). Subsequently, the growth of hydrate crystals takes place within gas,
water or ice phases by volume diffusion mechanism, and is limited by the rate at
which the hydrate forming species (probably water) diffuses to the hydrate érystal
growth surface. waever, the exact hechanism of hydrate formation is not yet
clearly understood. _

The most im_portarit factors that éffect the rate of hydrate formation are the
composiﬁon of parent gas, the thermodynamic conditions, and the type of
crystallization. The first step in hydrate formation is the formation of crystallization

nuclei on the free water surface, and is followed by the diffusion of gas from the
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gas stream either to the hydrate formation surface or through the hydrate formed
on the surface of gas-water contact. The size of hydrate film formed in time T
depends upon the rate of formation of nuclei I and the radial growth rate of the
surface film hydrate VT
F=0Vih
................... (1)
The water diffusion rate My through the hydrate film of uniform thickness » and

with surface Fiis give'n by

PAfo,
‘MW = DW h
................... (2)
where
Dy = diffusivity of water through the hydrate film.
pw = waterdensity in the hydrate phase.
Ar = difference in volatality of water between water (ice) and hydrate

phases.

The increase in hydrate film thickness with conversion of water or ice hydrate is

given by
2D Af
W~ Yos
h=( h ) v
................... (3)
“where
n = hydrate number.
T = hydrate growth time.

For experimentally obtained diffusivities of 5 x 10-6 to 5 x 10-8 cm2/sec for methane

and 1 x 10-6 cm2/sec for natural gas, this model gave good agreement for volume
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diffusion growth of natural gas hydrate films on a water surface. For
experimentally obtained diffusivities of 5 x 10-6 to 5 x 10-8 cm2/sec for methane and
1 x 10-6 cm2/sec for-natural gas, this model gave good agreement fpr volume
diffusion growth of natural gas hydrate films on a water surface.

Maini and Bishnoi (1981) tried to simulate the fate of natural gas bubbles in
case of a deep, offshore oil well blow-out by studying formation of hydrates in
natural gas bubbles held stationary by downward water flow in a specially designed
vertical tunnel. It was observed that hydrates form at the bubble interface at high
pressures. However, the rate of conversion was not measured.

Recently, Vysniquskas and Bishnoi (1983, 1985) have studied the kinetics of
methane and ethane forrﬁation after the start of nucleation in a semibatch stirred
tank reactor under isothermal and isobaric conditions. To enable the agitation of
the reaction interface by vigorous stirring of water, water was contacted with the
gas at temperatures above the freezing point. It was found that though the
induction delay time for formation of nuclei depended initially on the history of
water sample, it did not affect the overall hydrate formation kinetics, once the
nucleation commenced. After an initial induction delay, data was collected only
until 5% of the available water was converted, since beyond 5% conversion, the
gas-liquid interfacial characteristics were greatly affected by the thickening of
water-hydrate slurry. It was found that Arrechenius Law could not be used to

‘describe hydrate growth rate at a function of temperature since it gave a negative

value of apparent activation energy, whereas for the activation complex to be
unstable, the activation energy should be positive. The growth rate was
proportibnal to the gas—liquid‘ interfacial area and which increased with stirrer
speed due to vortex formation.

To describe thé gas consumption rate at STP, (r) as a function 6f gas-liquid

interfacial area (a,), pressure (p), temperature (T) and degree of subcooling (AT),
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‘they proposed a semi-empirical model and is given by

AE, a
r=Aa‘exp.(— )exp.(—-)pY

RT AT®
................... (4)
where
A = lumped pre-exponential factor.
AE, = apparentenergy of activation
R = gasconstant
ab = arbitrary constants
r = overall order w.r.t. pressure

Table 5 gives the best fit values obtained by Vysniquskas and Bishnoi (1983, 1985) of

the rate expression parameters for methane and ethane.

b. Hydrate Formation from Ice Crystals

The first attempt to study hydfaté formation from ice crystals was made by
Barrer et al (1958, 1962, 1967) when they measured the hydrate formation rate of
rare gases A,, X,, K, with ice crystals and ice and chloroform-mixed crystals at low
temperatures. They formed fine crystallites by vacuum distilling water and water
-chloroform mixtures into the reaction bulb, which was kept immersed in liquid
nitrogen'. However, the results could not be generalized since surface area was not
measured. The hydrate growth was found to increase with temperatures at
constant pressure, which might be due to that certain low température ice phases
exhibit unoccupied hydrate structure. ' o

Fallabella (1975) used an analogqus procedure to study the hydrate formation
kinetics of natural gases (methane, ethane, ethene, acetylene and carbon dioxide)

at low temperatures. Similarto krypton, an induction delay was observed for
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TABLE 5: RATE EXPRESSION PARAMETERS FOR METHANE AND ETHANE

(cm3/cm2/min/bar )

Methane
6.55 x 10-26

Ethane

m
A

2.4 x10-29

AE, -106.204 -133.015
(kj/gmol) .
r 2.986 2.804
a 0.0778 0.0778
241 2411
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structure | methane hydrate, whereas, addition of 10% ethane to it, showed no
induction delay indicating that ethane has a seeding effect on hydrate nucleation.
It was observed that an increase in gas pressure results in a decrease in the induction
delay and increase in growth rate. The fractional ice conversion rate was found to
be second order w.r.t. unconverted ice and first order w.r.t. the pressure driving

force.

L_da-2 =k(1 —x)z(P—P )
dt eq.

................... (5)

This expression on integration for the case of isothermal, isobaric conditions gives -

ti. ; ( 1) x 1

= P [ ]

me k)0 —x) P-P
eq.

................... (6)
where
P = gas pressure.
P, = hydrateequilibrium pressure
k= rateconstant
x = fractional conversion of ice.

Fallabella suggested that hydrate growth was primarily due to high surface mobility
of ice at low temperature, since the ice sublimation rate was too slow to account for
the growth rate of hydrates. Also, the rate constant vs. temperature relatidnship
indicated a maxima at 183°K and so the Arrhenius type equation was invalid.

In 1970, Miller and Smythe formed hydrates frqm carbon dioxide gas and
finely divided ice (prepared by grinding ice and condensing water from air, both at
liquid nitrogen temperature of 78°K) uhder conditions similar to those existing at

Martian ice caps (148°K, 6-5 mb CO; partial pressure). Under isothermal conditions,
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the reaction was found to be first order w.r.t. pressure, as given by:

1 P -P,
1ol

P-P_
................... (7)
where
k = rate constant
P, = initial CO; pressure
P» = Final (equilibrium) CO; pressure
P = CO2 pressure at any time t

Using Arvhenius type temperature dependence, the apparent activation energy for
CO2 hydrate formation was found to be 5.9 kcal/gmol which is in reasonable
agreement with that observed for the low temperature phase transformation from
hexagonal to cubicice. | v

Kamath (1984) studied the kinetics of methane hydrate formation from
compacted ice crystals formed by condensing water from air at about -20°C and
compacting to about 50% porosity inside a vessel. The crystals were initially
pressurized to methane pressures of about}7,000 kPa and the temperature raised to
just above the melting point of 274°K. The drop in pressure with time was
monitored to measure the rate of ice conversion and the experimental results
obtained were correlated by two sémi-empirical k.inetic models. In the first surface
area model, the rate of hydrate‘ growth was assumed to be proportional to the

- surface area of ice and the methane concentration driving force.

& RSVeM_n P P Mz
& _ % RTw" ..x)*( o _ e __To )
& M ZoRT ~ ZeRT ~ V_M_n
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where

S, = initial surface area of ice crystals
x = fractional ice conversion

t = time

k = rate constant

M, = molecularweightofwater

T = temperature

R = gasconstant

M, = initial massofice

n hydrate number

Vg = volume of pressure vessel
P,P, = initial and equilibrium pressure
Z,Z, = initial and equilibrium compressibility factor

Numerical integration of the expression using the value of the temperature
dependent lumped parameter kS, between 0.0125 hr-1 and 0.038 hr-1 gave good
agreement with the experimental conversion data.

In the volume model, it is assumed that the rate is considered proportional to

the amount of unconverted ice rather than the surface area of ice. In this case,

[ [/

ZoRT " ZRT V.M n
) e R w

dx P P Mox
Z =k2n(l—x)( )

IO (9)
The expression was integrated and an analytical solution was obtained. For k2
= 2.439 c/gmol water/hr, the model give a good agreement with the experimental
- results with average‘ error of + 8.8 percent. For methane hydrate'fdrma'tion in
unconsolidated sediments, the value of k2 was found to be a function of the

percentage of sand in the unconsolidated core.
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The first attempt to quantify the surface area of the ice crystals used for
hydrate formation was by Nair and Adamson (1970) who used the BET method to
measure the surface area. The ice crystals were formed by condensing superheated
steam at liquid nitrogen temperatures. The measurement of adsorption isotherms
for nitrogen, argon and carbon dioxide gave surface areas are valid only at low
temperatures and they can be significantly decreased by using different methods of
forming ice crystals or by annealing at high temperatures.

Wright (1986) developed a new experimental technique to measure the rate
of hydrate formation of non-condensable gases like methane from melting ice as a
function of pressure and surface. He found that the methane hydrate growth rate
was gas diffusion limited and applied this technique to determine the effective
diffusivity of methane within the structure | methane hydrate film. It was assumed
that molar rate of methane hydrate growth per unit of active ice surface area (rH) is
equal to the molar rate of diffusion of methane molecules from the gas bhase,
through the hydrate crystal film to nucleation sites on the ice surface and can be

expressed i.t.o. the molar ice conversion rate per unit surface area by

o= % (7))

iemeeteateennain (10)
where D is the effective diffusivity based on a nonporous hydrate film and dP/dz is

the methane gas pressure gradient within the hydrate film.
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6. STUDIES ON HYDRATE FORMATION, MODELLING AND PHYSICAL
CHRACTERIZATION

A. Introduction
In the early years, hydrates were primarily studied to determine operating

conditions to prevent their formation in natural ges pipelines. Thus efforts were
concentrated on defmmg the vapor-water hydrate equilibrium conditions for
binary mixtures of pure gas and water, and also for a few tertiary mixtures. In the
50’s, Katz (1959), Scauzillo (1956) and later Koledezni (1970) found that the addition
of a non-hydrate forming compound like NaCl or ethanol to the water phase, at a
given pressure lowers the hydrate formi.ng temperature. Similar "anti-freeze”
effect was observed when the non-hydrate forming compound was added to the
gas phase. This early work has been reviewed in detail by Katz et al (1959), Byk &
Fomina (1968) and API Technical Data Book (1970).

B. Studies on Hydrate Formation

Extensive literature is availab!e regarding techniques of hydrate formation. In
most instances, the experiments and apparatus were designed with the aim of
determining:

a) Pressure-temperature equilibrium data as a function of gas composition.
'b) The composition of the hydrate phase.

¢) The rate of hydrate formation.

Also, it is seen that most of the hydrate data was obtained under such
conditions of pressure and temperature that the hydrate formers are in the vapor
phase. These have been very well reviewed by Katz et al (1959) and others (Byk and
Fomina, 1968; Van der Waal and Piatteau, 1959; AP! Technical Date Book, 1970).
Kobayashi et al (1949, 1955) obtained three phase VL;H equilibrium data for pure

methane at pressures up to 60,000 psi, whereas Wilcox et al (1941), Reamer et al
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(1952), and Teodorovich (1957) studied paraffinic and olefinic hydrates. Table 6
provides hydrate foiming conditions for pure gases. Gaseous mixtures of methane
and propane have been studied by Campbell and McLeod (1961) and also Carson
and Katz (1966) who reported four phase VL;LaH equilibrium point data for
methane-propane mixtures.

As far as the formation of hydrates from liquid hydrate formers is concerned,
the only studies reported are those for pure liquids like propane by (Wilcox et al,
1941) and ethane, propylene, propane (by Reamer et al, 1952), refrigerants freon
(Katz et al, 1959, 1975, 1973 ) and methyl chloride (Chinworth et al, 1967), an
exception being study of propane-propylene liquid mixtures (Wilcox et al, 1952).
The remaining studies of hydrate formation from liquid mixtures deal either with
the determination of quadraple poin_t VL;LoH lows or the effect of non-hydrate
formers on it, e.q.: CH4-C3Hg CH3Cl - CHCI3 and binary mixtures of CoH5Cl with
CHCl3, CH3CHClg, (CH2Cl)2, CCly, CS2, and CgHg. Tables 7, 8, and 9 give a brief
summary of studies on binary, ternary, and quarternary systems of hydrates. From
these studies it is possible to say in general that,

a) For pure hydrate formihg gases which have critical temperatures below

32°F, hydrates can be formed urider two (?r three phase conditions, only.

b) For pure hydrate formers having critical temperatures greater than 32°F,

there exists a four phase VL,LgH equilibrium temperature above which

- hydrates cannot be formed, i.e. the three-phase L;L2H equilibrium
hydrate curves are nearly vertical on a P-T diagram, e.g. propane.

¢ Similarly, the th‘ree-phase'L1L2H equilibrium hydrates curves on a P-T

diagram for a binary liquid mixture of hydrate formers, are nearly vertical

if both of them stabilize similar hydrate structures by occdpying similar

cavities, e.g. propane-propylene mixture (Wilcox et al, 1961).
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TABLE 6: HYDRATE FORMING CONDITIONS FOR PURE GASES

(after Kamath (1984))
Gas a ‘ b Temp Range (°C)
38.980 8533.80 >0
Ethane 17.511 3106.56 -25t0 0
66.273 10626.25 >0
Propane 17.156 3269.65 -25t00
' 67.130 16921.86 >0
Isobutane 18.950 3887.32 -25t0 0
61.760 15571.63 >0
Carbon Dioxide 18.596 3161.61 -25t0 0
66.580 10260.28 O0to 11
Nitrogen 15.129 1506.28 -25to 0
37.808 7688.63 O0to 25
Hydrogen Sulphide 16.560 3270.61 -25t00
36.828 8266.10 O0to 25

p = Dissociation Pressure in kPa

T = Temperature, °K

T=P= exp(a +Tg)
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19) Normal Butane , Schneider and Ferrar (1968)

10)Cis and Trans-2-Butane ' Holder and Kamath (1984)

TABLE 7: STUDY OF BINARY SYSTEMS OF HYDRATES (WITH WATER)

SYSTEM REFERENCES
1) Methane Villard (1888) '
Deaton and Frost (1940)

Kobayashi and Katz (JPT, AIME - 1949)
Campbell and McLeod (1961)
Marshall et al (1964)

Roberts et al (1941)

Kamath (1984)

2) Ethane : Villard (1888)

~ Roberts et al (1941)
Deaton and Frost (1940-a)
Reamer et al (1952)

3) Acetylene ' Calletet (19 )
' Villard (1888-9)
4) Ethylene Van Cleef and Drepen (1962)
| Villard (1888)
Deaton and Frost (1940)

Kobayashi and Katz (1949)
Diepen and Scheffer (1950)
Reamer et al (1952)

Snell et al (1961)

5) Propane Villard (1888) :

Deaton and Frost (1940-a, 1941)
Reamer et al (1952)
Teodorowich (1957)

Wilcox et al (1941)

Holder and Godbole (1982)
Kamath (1984)

6) Cyclopropane Hafemann (1969)

7) Propylene .~ |Reamer et al (1952)
Clarke et al (1964)
Byk et al (1955)

8) Isobutane ' : Wu et al (1976)
' ' Holder and Godbole (1982)

Uchida and Hayano (1967)
McKetta and Katz (1968)
Ng and Robinson (1976)

11)Dichloroethane Garg (1979)
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TABLE 8: TERNARY SYSTEMS OF HYDRATES (WITH WATER)

SYSTEM

REFERENCES

1) Methane-Ethane B Holder and Grigoriou (1980)

2) Methane-Ethylene

Snell et al (1961)

3) Methane-Propane

Verma (1976)

4) Methane-Isobutane Wu et al (1976)
5) Methane-Butane McKetta and Katz (1968)
John and Holder (1982)
_ Ng and Robinson (1976)
6) Methane-Hydrogen Sulphide Noaker and Katz (1956)
7) Methane-Carbon Dioxide Unruh and Katz (1949) .
8) Methane-Ci-2-Butene Holder and Kamath (1984)

9) Methane-Trans-2-Butene

Holder and Kamath (1984)

10)Methane-Nitrogen

Jhaweri and Robinson (1965)

11)Methane-Ar-Kn

Holder et al (1980)

12)Methane-Hydrogen Sulphide

Noaker and Katz (1956)

13)Methane-Propylene

Otto and Robinson (1960)

14)Methane-Sulpher Hexafloride

Sortland and Robinson (1964)

15)Methane-Carbon Dioxide

Unruh and Katz (1949)

16)Methylene Chloride and Chloroform

Tester and Wiegardt (1969)

17)Propane-Propylene

18)Propane-Butane

Kamath (1984)
Paranjpe et al (1987)

19)Propane-lsobutane

Kamath et al 91982)
Patil (1987)

20)Propane-Trans-2-Butane

Kamath et al (1982)

21)Propane-CO2

Robinson & Mehta (1971)

22)Propane-Hydrogen Sulphide

Platteeuw and Van DerWaals (1959)

23)N-Butane-lsobutane
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TABLE 8 Continued.

SYSTEM
12)Carbon Dioxide

REFERENCES
Wiebe, R. (1961)
Unruh and Katz (1969)
Deaton and Frost (1940-a

)
Bozzo et al (1973)

13)Chlorine

Davy (1810)
Marsh (1952)

14)Sulphur Dioxide

Tamman and Kreige (1955)

15)Hydrogen de Forcrand & Villard (1888)
16)Nitrogen Van Cleef and Diepen (1960,65)
17)Oxygen Van Cleef and Diepen (1960,65)
18)Bromine Dyadin and Aladko (1977)
19)Xenon Garg (1977)

20)With Brine and Ethanol Solutions

Kobayashi et al (1957)
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TABLE 9: FOUR COMPONENT SYSTEMS OF HYDRATES (WITH WATER)

SYSTEM | ' REFERENCE

1) Methane-Ethane-Propane Snell et al (1961)

2) Methane, H3S and CO3 : v Robinson and Hutton (1967)
3) Methane, Propane and I-Butane Patil (1987)

4) Methane, Propane and N-Butane Paranjpe et al (1987)

33




d) Due to "antifreeze" effect, non-hydrate forming liquids like benzene

lower the quadruple point VLiL,H temperature.

One of the most widely used techniques for determining the pressure-
temperature data is to contact the gas and water in a high pressure glass window
cell through which hydrate crystals can be seen. For pressures up to approximately
70 MPa, the equilibrium point at which the hydrates form, can be determined by
visual obseryation (Holder 1976, Kobayashi, 1955). Beyond these pressures, glass
windows are not suitable. Similarly, in measurements below the ice point, the
presence of ice makes the visual detection of ice like hydrate very difficult. In such
cases, the technique commonly employed is to form large quantities of hydrates at
low temperatures. (Marshall ei: al, 1964). The hydrate formation brocess is usually
accompanied by a decreaée in pressure, as the gas molecules enter the denser
hydrate phase. An increase in temperature now causes the hydrates to decompose,
théreby increasing the corresponding pressure. The equilibrium point is considered
as that point at which the pressure-temperature curve breaks indicating the end of
hydrate dissociation.

A common technique of determining the composition of pure gas-hydrates is
to measure the amount of gas needed to convert a known weight of water into
solid'hydrate. A drawback of this method is that some water, occluded within the
hydrate crystal matrix during crystal growth, is not available for hydraie formation,
which can be partially overcome, e.g. by breaking the crystals in a ball mill. Ceccotti
'( 1966) formed hydrates on a silver iodide coated tube, directly from gases saturated
with water. However, this method also results in occlusion of water, condensed
from the vapor phase or forced stabilization of a new hydrate crystal structure.
Barrer et al (1962) determined the composition of hydrates from pure gases by
monitoring the concentration change of a tracer or water soluble non-hydrate

forming salt in water. - In this method, it is necessary to account for the effect of
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dissolved solids on hydrate equilibrium for greater accuracy. For a gaseous mixture
of hydrate formers, the only technique is to melt the hydrate crystals and analyse
the gas evolved. However, there might be errors due to water occlusion in hydrate
crystal matrix.

For large gas molecules that can only fit in large cavities, the fractional
occupancy 8 of the gas molecules in the hydrate can be directly obtained from the
hydrate composition. This enables the calculations of chémical potential difference
for hydrates ApH from the van der Waal and Platteauw model, without calculating
the Langmuir coefficients.

For temperatures below the ice points, Holder and Godbole (1982) measured
VIH dissociation pressures for propane and iso-butane hydrates at temperatures as
low as -220C using a gravimetric technique. The hydrate formation was detected by
employing a sensitive electrobalance capable of meésuring weights up to 10*gms.

Kaplan (1976), Evrenos (1971) and Stoll et al (1971), while studying thermal
and acoustic properties of gas hydrate sediments, formed hydrates by passing the
gas through a column of granular aggregates of water-saturated sand.
Subsequently, Stoll and Bryan (1979) employed a pressure vessel with provision for
stirring and compacting to form large cores of pure propane hydrates.

Kamath (1984) studied formation and measurement of hydrate dissociation in
the core holder, by forming hydrate cores and dissociating these cores by hot water |

injection method.

C. Modelling of Dissociation of In-Situ Hydrate

One of the first attempts to view hydrate dissociation as a moving-boundary
process was by Cherski and Pondarev (1972), who, however, failed to provide a
complete solution. Kamath et al (1984) conducted interfacial heat transfer studies

| during dissociation of propane hydrates and developed an experimental technique
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to measure the rate of heat transfer during dissociation of the solid hydrate phase
simultaneously into gas and liquid phases. They showed that the heat transfer rate
-was a power function of AT, the temperature difference bétween the (warm) butk
heating fluid and the (cold) hydrate surface undergoing phase change. The heat
transfer correlation developed was found analogous to that for heat transfer
during nudeate boiling of liquids. Later, Kamath and Holder (1987) studied the
dissociation heat transfer characteristics of methane hydrates and found that the
nucleate boiling analogy could be extended to methane hydrates too. A unified
heat transfer correlation for both methane and propane hydrates was developed
and, at a fixed AT, the heat flux density for propane hydrates was found to be 2 to
2;5 times higher than that for methane hydrates.

Selim and Sloan (1985) modelled the dissociation of a pure hydrate, by
assuming that a heat flux is incident on a semi-infinite planer medium with constant
physical properties. They consider‘ed the hydrate dissqciation as a moving boundary
ablation process, where it is assumed that the water formed due to dissociation is
immediately blown away from the surface by the produced gas. _

Ullerich et al (1987) obtained experimental data on rate of dissociation of
methane hydrates. The dissociation experiments were conducted using a resistance
heater of known heat flux, and the hydrate mass loss measurements were made
with an electrobalance. The dissociation process was described by a mathematical
model and the agreement between the model and the data was found to be within
10%.

Recently, Selim and Sloan (1987) have modelled hydrate dissociation by
thermal stimulation in porous media, wherein the dissociation of hydrate to gas and
water is assumed to take place'at a moving dissociation boundary. A similanty
solution to the conservatioh equation was obtained and parametric studies were

made, which indicated that the hydrate dissociation rate in sediments is strongly
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influenced by the thermal properties of the system and the porosity of porous
medium. For thermal stimulation of hydrates, the average value of the energy
efficiency ratio indicated that the heating value of the produced gas was nine times

the heat input during dissociation.

D. Physical Characterization of Hydrates

The physical characterization of hydrates is quite important for development
of exploration and production techniques. Numerous studies have been done in the
past to study various physico-chemical properties of hydrates such as thermal
conductivity, dielectric relaxation, acodstic velocity, electrical property
measurements, etc. A summary of studies of physico-chemical properties of gas

hydrates is presented in Table 10.

Water Content of Gases in Equilibrium with Hydrates

~ One of the important specifications in the gas procéssing industry, for the
elimination of hydrates from natural gas operations is the water content of gases or
fluids, in equilibrium with hydrates. Though the equilibration process to eliminate
the metastable liquid water system is difficult and the experiments are time
consuming, it has been successfully accomplished. (Aayogi et al, 1979 and Sloan,
1982). In the past, the measurements of water content of gas in equilibrium only
with hydrates in two phase region gave less accurate results due to the fact that
metastable liquid water could well extend into the gas-hydrate region and also,
large amount of gas in equilibrium with hydrates, was required.
One of the first attempts to measure water content of gases was by Laulhere
and Briscoe (1939) who employed an adsorption train gravimetric method for
determination of water conteht‘of natural gas at hydrate conditions. Later, Deaton

and Frost (1946), Records and Seely (1951) employed the Bureau of Mines ASTM
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TABLE 10: STUDIES ON PHYSICAL & CHEMICAL PROPERTIES OF

GAS HYDRATES
PROPERTY REFERENCE
a) Thermal Conductivity Cook (1981)
Dharmawardana (1983)
Russ (1981,1982)
b) Dielectric Relaxation Gough (1977, 1978)
Hawkins and Davidson (1966)
c¢) Dew Point of Natural Gases in Kobayashi and Katz (1955)
Hydrate Region
d) Acoustic Velocity & Electrical Lawson (1984)
Properties Kieffe ( )
Whiffen (1982)
e) Relative Permeability to Gas Leas (1986)
f) Sonic and Resistivity Measurements | Pearson (1983)
g) Heat Capacity Ross (1982)
h) Surface Tension Sada (1984)
i) Anamalous Wave Velocities Stoll (1971)
j) Speed of Longitudinal Sound Whalley (1980)
k) Physical Properties of Sediments Stoll (1971)
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‘dewpoint tester combined with the vapor pressure of liquid water. Deaton and
Frost (1946), McCarthy et al (1950), McKetta and Wehe (1958), and Laughlin (1969)
presented water content charts for natural gas in both gas-liquid region and the gas
hydrate region. The watevr content of gas in equilibrium with hydrates was thought
to be considerably lower than the water content of natural gas in equilibrium with
metastable liquid water.

- Sloan et al (1976) successfully eliminated the errors arising due to the unusual
metastability of liquid water in the gas-hydrate and developed a chromatographic
technique for determining the water contenf of gas in equilibrium with its hydrate,
above 32°Fvup to 1500 psig. For methane, it was found that in order to prevent
hydrate formation the water content of methane should be significantly less than
that determined from the water content charts. Sloan et al (1978) also obtained an
improved value of the vapor pressure (chemical potential) of the metastable empty
hydate, which has been often used in hydrate thermodynamic calculations (Sloan et
al, 1976; Aoyagietal, 1979; Song and Kobayashi, 1981; Holder, 1981; Sloan, 1982).

- Aoyagi et al (1980), while studying water content of methane gas in
equilibrium with hydrate, found deviations, from the existing water content charts,
of the water content of methane gas at initial hydrate formation condition and
which increased with decrease in temperéturé. Also, the measurements of water
content of a simulated lean CO; Prudhoe Bay gas and simulated CO32-rich Prudhoe
Bay gas indicated that the water content isobars of the latter converge at lower

temperatures, and cross at still lower temperatures.
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7. Experimental Techniques of Hydrate Formation

~ In this section, the various experimental techniques employed for hydrate
formation studies have been discussed in detail.

Holder and Godbole (1982) used a gravimetric technique to study VIH data for
pure isobutane. Asshown in Figuré 4, it consists of an electronic balance enclosed in
a vacuum head with two inlets to which 42mm diameter hangdown tubes are fitted.
The sample can be attached to a suspension wire which is enclosed in the tube and
pure gases at any desired pressure (less than 100 kpa) can be admitted through
ports. A fine copper wire mesh saturated with distilled water was attached to one
suspension wire, whereas an aluminium pan was attached to the other wire to
counterbalance the weight of the copper wire mesh and water. The sample weights .
were displayed on a panel display meter, on a 100 mg scale. The tube enclosing the
suspension wire was immersed in an insulated refrigeration bath of volume 10 liters
and which could be controlied to + 0.05% using a Neslab temperature controller.
The actual water sample was about 25 cm below the refrigeration fluid (ethanol)
level. Ethanol was extracted from one corner of the bath, pumped through coils in
a metal enclosure containing vacuum head and back into the diagonally opposite
corner of the bath. Temperature gfadients within the system were minimized by
cooli‘ng the vacuum head, which contained most of the gas. Two platinum
resistance thermameters were used for measuring the temperatures, one of which
was suspended in the bath, with the sensing element about 10mm from the sample,
and the other was inserted into a thermocouple‘well in the sample tube with its |
sensing element abdut 2mm from sample. For pressures above 30 kPa, the
temperature readings in the thermowell had to be corrected by 0.1 to 0.3°%. A

“mercury manometer was used in conjunction with the barometer to‘ measure

pressures, which were accurate to 0.2 kPa.
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After suspending a water sample from the balance, the temperature was set to
a value below the ice point and the sample was frozen. After evacuating the system
to 0.1 kPa, it was filled with water saturated isobutane to the desired pressure. The
evacuation/filling procedure was repeated and the temperature lowered to 200°%
overnight. A gain in weight of sample of 3 to 10 mg was observed due to hydrate
formation. The temperature was 'increased to about 5°K colder than the estimated
dissociation temperature of isobutane‘ and subsequéntly ini:reased in small
temperature increments (0.3°K) until there was a weight loss of 1 to 2 mg, which
corresponded to the dissociation temperature of hydrates.

The method can detect the presence of hydrates even in very little quantities,
and problems with phase occlusion aré avoided, due to the small quantities
involved. The method was used to determiné the dissociation pressures of
isobutane hydrate and of propane hydrate which are useful in calculating gas-water
kihara parameters for these gases.

Kamath (1982) used a2 modified experimental set up for the studying three
phase (VIH) hydrate equilibrium for hydrates of cis and trans-isomers of 2-butene
below the ice point (Figure 5). The main hydrate cell was a 300 cc SS sampling
cylinder, tightly closed at the bottom end and completely immersed in an insulated
ethanol bath. A 0.3175 c¢m resistance thermometer was inserted into the sampling
cylinder and was connected to the top end of the cell thfough 20.635 cm tube. The
bath was" equipped with all necessary auxillaries such as a refrigeration unit for
c’obling, an immersion heater for heating ‘the bath, a temperature controller for
controlling bath temperature, a circulating pump for ethanol circulation (to reduce
temperature gradients) and 2 platinum resistance thermometer which was inserted
in the brath connected to a digitalriemperature display unit. One resistance
thermometer was placed in the hydrate cell about 5 cm above bottom and the other

was immersed in the bath near the hydrate- forming cell.
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The inlet section of the system had three gas cylinders of propane, cis 2-butene
and trans-2-butene respectively with standard pressure regulators and a mixing
tank for collecting gas from each cylinder. From the mixing tank, the gas could be
passed to the sampling cylinder through the annular tubing inlet section. The
outlet section was provided with a mercury manometer, a vacuum pump to
evacuate the system, provisions for taking gas samples for analysis and a helium
cylinder for pressuring the isolated sample before chromatographic analysis and
also as a carrier gas in gas chromatograph. '

Initially, @ 0.3175 ¢cm tube was introduced into the sampling cylinder,
extending up to the top quarter of hydrate cell, and its other end was connected to
a conical flask containing distilled water. With the hydrate cell bath temperature -
maintained at 263°K, the system was pressure tested and a vacuum was applied to
boil the water in the conical flask and distill it into the experimental cell. This
resulted in the formation of about 50cc of finely divided ice crystais in the hydrate
cell. The 0.3175cm tube was then replaced by a 0.3175 cm Platinum resistance
thermometer, a pressure test conducted and the entire system was evacuated for 3
hours.

Kamath et al (1984) developed an experimental technique for measuring rates
of heat transfer to a solid hydrate phase decomposing into gas and liquid phases
simultaneously under controlled pressures and temperatures. As shown in Figure 6,
the apparatus consisted of two pressuré vessels A and B, designed for pressures up
to 13.8 MPa and provided with a (emovable top flange and a permanent bottom
flange. Vessel B was used to form hydrate cou:és and was provided with a pressure
gauge, a coiled tube jacket around it for cooling and independent cooling manifold
at the bottom. A temperature gradient was maintained in the hydrate vessel by
keeping cdo|ant in manifold colder than that in coils. Vessel A was used to separate

the gas and water overflow from vessel B during hydrate dissociation and was
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provided with a pressure gauge, a he‘ater to maintain bulk water temperature
gvreater than that of hydrate, a Jerguson gauge as a liquid level indicator and a
circulating pump to circulate warm water to vessel B for dissociating hydrates. The
gas liberated during dissociation was separated from water in vessel A and passed
subsequently through a wet test meter.

To form hydrates, a known quantity of frost was added to vessel B, maintained
at very low temperatures, in four pbrtions with successive compaction of each of the
portions by the piston (to ensure uniform void fraction of 0.4 - 0.5). With bottom
frost maintained at 250°K, vessel B was closed evacuated and saturated with a
known quantity of liquid propane. The temperature gradient in the frost zone
saturates the frost compietely and ensures that it is saturated from bottom .
upwards. To prevent any premature melting of frost, the frost temperature is
maintained lower than 273.15°K. After complete saturation of frost, vessel B
temperature was raised to 274°K and maintained for more than 24 hours, to
pro.mote nucleation and formation of hydrates. Excess propane was distilled off by
reducing pressure of vessel B below that of vapor pressure of propane but higher
than dissociation pressure of hydrates.

Recently, Paranjpe et ai (1987) have studied effect of salinity on phase
behavior of gas hydrates for diﬁeréﬁt binary and terhary mixtures of methane,
propane, isobutane and n-butane,vusihg an experimental set up similar to that used
by Kamath et al (1982). As shown schematicaly in Figure 7, the hydrate cél_l consists
of a winddwed Jerguson gauge of capacity 50cc and capable of withstanding
pressures up to 20 MPa, suspended in a constant temperature, insulated both by a
lever connected to an in-line gear motor for agitation. The windowed bath is
provided with a refrigeration unit, an immersion heater and temperature

controller, thermo couples and temperature readout device. The salt
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concentrations were measured using Beckmann thermal conductivity bridge and
gas analysis was done using a gas chromatograph.

Experiments on hydrate phase equilibrium for several binary and ternary
mixtures of methane, propane, isobutane and n-butane were carried out to study
the effect of heavier components like isobutane and n-butane on phase behavior of
hydrates and are important for accurate prediction of zone of hydrate stability for
in-situ hydrates. Also, the effect of salinity on three phase (VL1H) and four phase
(VL1L2H) equilibrium conditions for mixtures of propane and n-butane of two
different salt concentrations was studied and the data were Osed to calculate
hydrate numbers by extending the Miller and Strong Method (1946) to gas
mixtures. |

The experimental set up can also be employed for studying the hydrate

formation in presence of crude oil, which is discussed below.

Hydrate Formation in Presence of Crude Oil

Recent studies (Collett, 1985) have indicated that gas hydrates are present in
conjunction with heavy oils and tar sands in the southwest up-dip continuation of
West Sak and Ugnu formations in the Kuparak river unit, North Slope of Alaska.
With the advent of ARCO-Alaska's thermal recovery pilot plant in the West Sak |
sands (OGI Report, 1983), it is of increasving importance to establish hydrate phase
equilibrium conditions for light gases, brine‘and oils found in such regions.

 The experimental procedure for determining the three phase (VL1HVIH) and
four phase (VL1L2H) hydraté forming conditions of crude oil-natural gas mixture will
be the same as that for gas-water mixtufes (Patil, 1987). In this case, the bubble
point curve for crude oil-natural gas mixture can also be determined'alor‘\g with the

pressure-temperature-gas and oil compositions.
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The crude oil mixture and the gas mixture has to be added quantitatively from
the recombination apparatus, which recombines dead oil with its lighter
components, to the main hydrate chamber éontaining water or brine. The bubble
point pressure can then be determined for various temperatures by first fixing the
temperature and pressurizing the hydrate cell until only a very small gas bubbie
remains. After allowing sufficient for equilibration by rocking the hydrate cell, the
pressure can be increased in steps at certain time intervals until the bubble clearly
disappears at the bubble point pressure. The temperature of the system is then
lowered until a large quantity of hydrate dissociates from the mixture of oil and
water. The hydrate cell is treated until very few crystals are left. The system slowly
cooled to the predetermined temperature and the four phase water-liquid -
hydrocarbon-vapor-hydrate equilibrium pressure is determined. The above
procedure can then be repeated to obtain data under well mixed equilibrium
conditions.

Past studies (Katz, 1971) have shown that the presence of hydrates along with
oil can denude a crude oil of its natural gas constituents, resultihg in a decrease in
production due to viscosity increase and pore:blockage and due to radial lowering
of vapor pressure of oil (Holder, 1976). The above experimental apparatus can also
be used to quantify the effect of hydrate formation on crude oil properties and to
predict'denuding effects due to hydrate formation by employing the following
procedure. S v _

Initially, the various properties of the oil to be tested, like viscosity, specific
gravity, bubble point pressuré, gas composition and Crude oil composition are
measure}d.b Hydrates can then fofmed in presence of crude oil by following the same
procedure as used by Holder (1976), and the pressure and temperature conditions
for hydrate formation can be determined. At the end of the experiment, the oil can

be separated from hydrates and the above properties determined. This data can be
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employed to quantify the effect of hydrates on crude oil properties and denuding
of oil, and can be useful for developing guidelines for thermal recovery studies, e.g.

thermal recovery in West Sak and Ugnu reservoirs.

Study of Hydrate Cores in Unconsolidated Sands

The recovery of natural gas hydrates in the Arctic can be accomplished by the
use of hydrate dissociating agents like methanol, brine, hot water, steam injection
or by depressurization method when hydrates coexist with a gas cap. To develop
methods for hydrate recovery, baseline experimental data are essential. Kamath
(1984) studied hydrate dissociation in Iaboratory sythesized hydrate cores by hot
water injection method. For modellingrhydrate recovery by differenf methods, a
similar study for other dissociation mechanisms is necessary as also the study of
hydrate formation and dissociation in consolidated or unconsolidated sand cores.
The following procedure can be followed for hydrate core studies and for studying
effect of hydrate formation or dissociation on change in permeability of porous
rock.

1. Form hydrates in unconsolidated sand cores.

2. Measure permeability of hydrate cores and study effect of hydrate saturation on
permeability of cores.

3. Measure hydrate formation rates under varying gas flow rate, pressure,
temperature conditions and study kinetics of hydrate formation.

4. Measure hydrate dissociation rates, heat transfer rate and quantify convection
effects during dissociation of hydrates like brine, hot water, and steam injection
anrd depressurization, since previous hydrate models have neglected the
convection effect and considered heat conduction as the sole mechanism of heat

transfer.
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The experimental set up (Figure 8) consists of a specially designed hydrate cell
equipped with a cooling jacket through which coolant is circulated. The bath
circulator can be maintained at a constant temperature with the help of a
temperature controller. The core holder has three parts to monitor the pressure
drop across the hydrate core for permeability determination. In addition, three
temperature ports are provided to obtain temperature profiles in the hydrate zone
and dissociated zone during the dissociation run, and the entire core holder well
insulated, to minimize heat losses to the surrounding area. The inlet gas in core
holder passes through the bottom port‘by means of three concentric tubes
connected to three gas spargers within the core. Such a design provides a flexible
mechavnism to overcome problems of core plugging due to hydrate formation. The
flow rates of inlet gas and outlet gas-water mixture can be measured by online gas
flow meters, whereas a mass flow controller can be used to keep the inlet gas
flowrate constant. The outlet gas is compressed and recirculated back into the core
holder with a gas compréssor, and the downstream pressure of the coreholder is
‘kept constant with a back pressure regulator. Other auxillary units of the setup
include: a gas-water separator, wet test gas flbw meter to meésure gas production
during dissociation, injection fluid reservoir with liquid level indicator, a steam
genérator, etc.

The core is initially packed with 20 mesh size sand of known porosity and is
saturated with water after evacuation. The core is then saturated by methane
flowing at a co}nstant rate from a cylinder. From the pressure drops and gas flow
rates, absolute permeabilities can be computed. The outlet gas is then compreSsed
to a pressure higher than the core holder pressure thus maintaining the flow of gas
in the system. The gas flow rate is controlled by means of flow control and
monitored by means of a flow meter. Two inline filters are installed at either end of

core holder, housing a teflon membrane which prevents water from escaping from
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the core holder during hydrate formation.
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8. THERMODYNAMICS OF GAS HYDRATES

Several methods have been reported in literature for the prediction of hydrate
phase equilibria. One of the earliest methods suggested for prediction of
dissociation pressures, the pressure at which the nucleation of hydrate crystals
begins, was the K value method of Katz (1944). In this method, analogous to vapor-
liquid equilibria, the hydrate equilibria is characterized by a vapor-solid equilibrium

constant K,;; given by,

R

v8 i

................. (11)
whey yi and xi are the vapor phase and solid phase mole fractions, respectively, of
the ith component on a dry basis. K, is a function of temperature and pressure and

can be calculated from experimental hydrate data by using the criteria

S,
................ (12)

However, this method is no longer used as it suffers from the disadvantages that the

experimental data has been used tordetermine and extrépolate 'K,,s,- values are not

accurate and they do not_distinguish between the two hydrate structures. Also, Kys;

is not a function of gas corriposition.~ The K value charts have very large errors
associated with predictions. v |

The first attempt of theoretical studies on hydrates was reported in the late

50’s and early 60's when Van der Waals and Platteau (1959) presented a basic
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statistical model for predicting hydrate equilibrium based on the crystal structure of

hydrates. Their model was based on the following assumptions:

a.

Each hydrate cavity can be occupied by either zero or one gas molecule only
and this molecule is localized within the cavity.

The cage is much larger in all dimensions than the largest dimension of the gas
molécule, i.e., the gas molecule entrapped has the same rotational freedom as
it would in the gas phase and does not distort the cavity. This assumption is
not valid for larger molecules like propane and isobutane.

The mutual interaction between the solute (gas) molecules is negligible and
the only interaction of the solute is with its nearest neighbor (water)
molecules. In other words, the partition function for the motion of a gas
molecule in its cage is independent of the number of types of gas molecules
present. The distribution of the energy levels occupies by the molecules of a
species are described by the work partition function.

The free energy contribution of the host (water) molecules is not affected by
the mode of occupation of cavity by dissolved gases.

All the assumption of classical. statistics are valid. The water-solute interaction
is accurately described by a certain potential function, e.g., the Leonard Jones
or the spherical core Kihara potential function. |

Consider a hydrate crystal containing Nq molecules of Q and occupying a

volume V at temperature T and crystalized while in equilibrium with the solutes

A..

.. ..., Mhaving absolute activities Aa, . . .Am. Then the chemical potential of a

solvent (water) molecule in the hydrate phase is given by

2
. Jj=

lvjln(l—z.f)u)
13
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where py and pp are the chemical potential of the occupied and the unoccupied
lattice water, respectively, R is the universal gas constant, v; is the ratio of the
number of j cavities to the number of water molecules in the hydrate phase. The
variable g; is the fraction of the j cavities occupies by an i type gas molecule, and is

give by the Langmuir isotherm

............. (14)
where f; is the gas phase fugacity of the ith gas species and can be determined by
the method of Prausnitz and Chuch (1968). C;;is the Langmuir constant whose value

depends only on temperature and potential function parameters and is given by

An wU (F‘)

C.= — I exp. [— r2dr]
v R cell radius RT

............. (15)
where r is the radial position of solute in the cavity, wi(r) is the smoothed cell
potential function. _

Since chemical potential of water in equilibrium hydrate phase is equal to that

in water rich liquid or ice phase (y,), we have
Apy =A4p, =pg—n,

............. (16)
Van der Waals modelled the gas-water interaction using the Leonard-Jones
12-6 potential function and found the dissociation pressure predictions were not
~ quite accurate using literature values of LJ 12-6 constants. Later, Mckoy et al (1963)

succeeded in predicting more accurately, the dissociation pressures of polyatomic
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~ gases by employing the Kihara potential function, which is given by

_ 9 \12 o e
r (v)”w-é‘“ - 4t:(r—Za) - (r—2a ) forr>29

= forr <29

where
e = Kihara energy parameter

Intermolecule separation between gas and water molecules.

r

a radius of core of gas molecule.

Kihara distance parameter.

o
Figure 9 shows the Kihara potential function ¢, e/K, and a. Tee et al (1968) have
developed correlations for estimating the parameters of the Kihara potential
function. However, use of these correlations does ndt predict hydrate forming
conditions accurately. Kobayashi and Katz (1955), Barduhn and Lee (1978) and
Nagata and Kobayashi (1960), instead of employing second virial coefficient data,
used a semi-empirical approach for predicting hydrate dissociation pressures of
methane, Ar and N; by fitting the potential function parameters to experimental
data. In 1972, Parfish and Prausnitz (1972) extended Kobayashi's work by fitting the
potential function parameters and developed a generalized method of prediction
- of fifteen gases and their mixtures. Though their predictions of pure component
data were very accurate, the predictions for mixture dissociation pressure were
slightly in error. } |
In the above cases, it is aSsumed that the water molecules surrounding the gas

molecules are evenly distributed over a sphere whose diameter is average of the
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actual cage dimensions. Fester et al (1966) calculated the sum of all gas-water
interactions individually by employing the Monte Carlo approach, but with little
improvement in the accuracy of the results.

Holder (1976) and Holder and Godbole (1982) employed the Parrish and
Pradsnitz method for predicting thé dissociation pressures of methane, ethane and
propane mixtures and obtained optimum values of the different parameters
involved in the hydrate model. Ng and Robinson (1977) added another adjustable
parameters to obtain improved prediction of multi-component dissociation
pressures, and also for prediction of conditions of hydrate formation from
condensed systems.

Alfhough the basic van der Waal model based on structure of hydrates,
contributed significantly to the theory of hydrate compounds the original model
has undergone many modifications in the last decade. In the Van der Wall model it
is assumed that only the neighboring interactions between gas and water molecules
are important. John and Holder (1981, 1982) and John ét al (1985) critically
examined hydrate phase equilibrium theory of Van der Waal and Plateau and found
that the equilibrium calculations were significantly affected by the interactions of
the guest molecules with those host molecules of the hydrate lattice, which are not
in their immediate vicinity. They also defined second and third shells of water
molecules for the four cavities of hyd'rate structures. For large asymmetric guest
molecules whose internal motion is likely to be revstrict'ed,}they used a modified
semi-enipirical mefhod for calculating Langmuir constants which gave improved
predictions of hydrate equilibrium. Howéver, this method suffers from the
disadvantage that each gaﬁ species has to be treated according to its shape, i.e.,
linear, spherical, etc. A study was also méde of restrictions to molecular rotations

and of molecular locations within hydrate cavities caused by them.
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John et al (1985) have suggested that the overall cell potential is represented
by assuming three different shell contributions to the overall gas water interactions

and is given by
w(r) = wl(r) + w2(r) + w3(r)

............. (18)
where w;, ws, ws represent first, second and third shell of water molecule,
respectively.

To account for the asymmetric gas-water interactions for non-spherical gas
molecules like n- and isobutane, Holder and John et al (1985) introduced a novel
approach called the Qstar correlation method for determination of true Langmuir
constant. Q represents an empirical correction factor for Langmuir constant due to
restricted motion of gas molecules and the corresponding state correlation for Q

function is given by

Q = exp. [,- Ao {w(R‘ia )(%)H

............. (19)
where Ao and n are empirical parameters and depends on the particular cavity. The

true Langmuir constant C is then given by

cC=CQ

............ . (20)
This approach is recommended for hydrate phase equilibrium studies as it
provides sufficiently accuraté predictions.
Kamath (1982) used the Q star correlation method developed by John and
Holder (1982) and extended it to optimize Kihara parameters for n-Butane from

their experimental data.
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9. DETECTION AND EVALUATION OF IN-SITU NATURAL GAS HYDRATES

A. INTRODUCTION

Natural gas hydrates have been studied in the past primarily to determine how
to avoid their formation in natural gas transmissidn lines (Hammerschmidt, 1935).
Also, the in-situ natural gas hydrates represent a potential drilling hazard and as
such their detection of vital importance in regions where they occur. In addition,
they may in the future provide a valuable resource for natural gas. Significant
quantities of gas hydrates have been detected in many permafrost regions of the
world, in West Siberia (Makagon, 1970), in the Mckenzie Delta of Canada, and on
the North Slope of Alaska, as well as in the warmer offshore regions such as the Gulf
of Mexico, Blake Bahama Outer Ridge and Mid-American Trench. The existence of
hydrates in these areas has been confirmed from well log responses in the Mckenzie
Delta (Bily and Dick, 1974), Prudhoe Bay and Kuparuk field (Osterkamp and Payne,
1981) as well as retrieved from Gurlf of Mexico (Brooks et al, 1984). Also, extensive
gas hydrates can exist in many areas beneath the sea floorv (Makagon, 1970). The
occurrence of hydrates in deep seé sediments in essentially tropical regions like the
Gulf of Oman and off the northern coast of Columbia and Panama has also been
indicated in drilling operations and seismic data. ,Bily and Dick (1974) provided one
of the most conclusive studies on the occurrence and detection of in-situ natural gas
hydrates wherein they incorporated well I‘ogs;' including dual indvction, sonic and

mud logs as potential hydrate detection devices.

B. MEANS OF DETECTION OF HYDRATE FIELDS
In spite of the fact that the present detection techniques serve to identify the
location of hydrate fields, with the increased interest in naturally occurring

hydrates, there is a greater need for improved detection and evaluation
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methods.The various techniques used to detect the hydrates in the earth are

discussed in the following paragraphs.

1. Hydrate Stability Determination

 The simplest and quickest way to check the zone of possible gas hydrate
occurrence is to examine the zone of gas hydrate stability. For gas hydrates to be
stable at a given depth, the earth temperature at that depth should be lower than
the equilibrium temperature of hydrates corresponding to the pressure and gas
‘composition conditions. Howevér, the existence of gas hydrate stability conditions
is not a necessary and sufficient condition for the existence of hydrates. For
hydrates to occuf, gas and water should cdexist in the zone of hydrate stability.

The stability of gas hydrates in the earth and in the outer regions depends upon
several factors such as mean annual surface temperature, geothermal gradients
above and below the base of permafrost, salinity, subsurface pressures, gas |
composition, permafrost depth, pore pressure conditions and soil particle effects.
The geothermal gradients and subsurface temperatures in Arctic North Slope
regions can be obtained from prew)ious studies (Osterkamp and.Payne, 1981) and
(Lachenbruch et al, 1985; Lachenbruéh et al, 1982; Blanchard and Tailleur, 1982;
Ferrigna, 1965; Brewer, 1958; McCarthy, 1952). | Also, several thermodynamic
studies on the measurement of pressure-temperature relationships for different gas
hydrates reported in literature are used for hydrate stability determination (Deaton
and Frost, 1946; Kobayashi and Katz, 1955;'”Wu et al, 1976; Kamath, 1982). Table 11
gives the values of meah annual surface temperature (Ts), permafrost 'base depth
(Zp)', geothermal gradient within permafrost (Gfr), and geothermal gradient below
the bése of the permafrost (Gth) in the Prudhoe Bay and K'uparuk - Wesf Sak fields.
Godbole et al (1986) have presented a nomogram for the determination of zone of

methane hydrate stability (ZMHS) for specific conditions of mean annual surface
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TABLE 11: GEOTHERMAL PROPERTIES FOR PRUDHOE BAY

AND KUPARAK-WEST SAK FIELDS

PARAMETER PRUDHOE BAY | (ESTSRKAND
1) Annual Surface Temperature, °C -10.9 9.3
2) Permafrost Depth, m 630 682
3) Geothermal Gradient Within 1.66 1.75
Permafrost, °C/100m
4) Geothermal Gradient Below 2.86 3.03

Permafrost, °C/100m
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temperature (Ts), salinity, geothermal gradients (Gfr and Gth). Osterkamp and

Payne (1981) and Zoeller (1984) suggested that subsurface pressure for the shallow

unit on the North Slope can be assurhed to be in a hydrostatic equilibrium (0.435

psi/ft or 9.84 kPa/m) and have a developed a nomogram assuming a hydrostatic

variation in pressure. Sensitivity analysis indicates that the zone of hydrostatic

stability increases by about 2.75 percent per percent increase in pressure gradient
above hydrostatic value.

Evrenos (1971) has shown that the presence of salts in the formation fluids not
only depresses the permafrost base temperature but also depresses the equilibrium
by hydrate temperature and thus reduces the zone of hydrate stability. An increase
in mean annual surface temperature and geothermal gradients lowers the zone of -
hydrate stability. Similarly, the reduction in ZHS is about 2.3% per 1,000 ppm
increase in salinity. | |

Gas- composition strongly influences hydrate stability conditions. The stability
of methane hydrate is increasingly affected by the addition of ethane, propane and
isobutane. Addition of CO2 has an effect similar to ethane. A recent study by
Kamath et al (1984) of 46 representative wells on the North Slope of Alaska has
shown that the presence of small quantities of lighter hydrocarbons like propane,
butane, etc. increases the stability of hydrates considerably and needs to be

- incorporated in the future calculations of hydrate stability.

2. Drilling Response

Severe and gasification, drill stem tests, ore sample studies, etc. can be applied
for the detection of hydrates. Cores have been retrieved in Prudhoe Bay (Northwest
Eileen State Well #2), Leg 84 of Blake Bahama Outer Ridge (Sloan, 1983) and in the

Gulf of Mexico and the offshore region of Guatemala, for core sample studies, etc.
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Present techniques like pressure core barrel can be applied for determining the type

of hydrate deposit (massive, laminated, modular, etc.).

3. Seismic Profiling

Shipley et al (1979) have presented data which show that many anomalous
reflections from the continental slopes and rises have characteristics which can be
explained by the formation of gas hydrates. Direct sampling of these horizons is
needed to identify them conclusively and to substantiate the physical conditions of
formation. Itis found that acoustic wave veloci.ties'-in hydrated sediments are much
higher than in hydrate free sédiments and can be utilized for detecting the presence
of hydrates in suboceanic environment. Tucholke et al (1977) have studied gas
hydrate horizons detected in seismic profiler data from the Western North Atlantic,
wherein reflecting horizons have anomaously high amplitude. 1t has been found
that these horizons cut across bedding planes in the sediment and are restricted to

areas where seismic strata up landward.

4. Wireline Log Evaluation

Logging of hydrate intervals with conventional logs provides significant
information for hydrate identification. High acoustic velocifies on sonic logs, high
resistivity deflection or dual induction logs, high gas on mud logs, expanded well
bore on caliper logs are some of the indications of presence of hydrates. Direct Idg
readings can often lead to misinterpretation of hydrate zones as either free gas
zones or permafrost zones, particularly if dec'otnpositibn has occurred during
drilling. Log correlation and analysis provides additional proof of occurrence of
hydrate zones. Goodman et al (1982) have presented five log ahalysis methods for
specific application to in-situ hydrates. In this study, a correlation technique based

on temperature log has been presented.
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Collett and Economides (1983) have reviewed the use of well logs in the
detection of hydrates.. Collett et al (1983) have presehted a technique for
confirming the distinction between ice.and hydréte, as well as quantification of
hydrate deposits, which involves the use of neutron porosity transtime cross plot
along with Pickett cross plot. Similar to the neutron porosity correction factor.
Collett et al (1984) have outlined a transtime porosity correction factor. They
showed that the ratio of compressional velocity in boise core saturated with
structﬁre | hydrate to that in boise core saturated with ire at -5°C is 1.18, e.g., an
apparent porosity of 0.28 in hydrate saturated zone would be corrected as 0.335.
They also evaluated a series of matrix porosities and sonic-velocities for eighteen
units in Kuparuk B-1 production well. Fora mixture of hydrate-water coexistence, it .
is possible to calculate the average water saturatioh, and hence, the average
hydrate saturation by use of Pickett cross plots. A similar study of hydrates in
Canada is being presently conducted by Judge (1984) and coworkers. In general,
the best method for identification and quantification of gas hydrate deposits is to
first determine the zone of hydrate stability, and then further determination of

hydrates within stability zone by use of well logs.

GEOLOGIC ANALYSIS OF GAS HYDRATE DEPOSITS

Malone et al (1986) have e\}aluated the geologic factors that control the
formation and detection of gas hydrates within offshore (Blake Outer Ridge), as
well as 6nshore (North Slope of Alaska environments). In their study, they
concluded that more detailed geology and reservoir data on the k}r‘\own hydrate
occurrences, a detailed study of reservoir conditions and laboratory research a
detailed analysis of individual targets with high potentiél for hydrate occurrence
and greater drilling to recovery more samples, were necessary for geologic analysis

of potential gas hydrate deposits.

66




10. GAS PRODUCTION FROM HYDRATE RESERVOIRS

The first step in the production of gas from hydrates is the dissociation of

hydrates to gas and water. This transformation can be represented as:

C,H, ,xH,06—>C H, @+xH0 ()~ AHn

(AH = +10 — 20 kcal)

where C, Hy, ;2 represents either methane, ethane or propane and x is called
hydrate number and is a measure of the number of moles of water/mole of gas in
the hydrate phase. Table 6 gives typical values for x.

The positive value of AH indicates that 10-20 kcal of heat must be added to the
hydrate reservoir per mole of methane dissociated, a part of which is used in
heating up the reservoir.to dissociation temperature and the remaining heat is
available for achiéving the above transformation. In addition, there are heat losses
to overburden and underburden formations, and wellbore heat losses. It has been
found that heat obtained by burning gas produced from hydrates is nearly ten times -
that required to dissociate them. Thus, we can conclude that from a
thermodynamic point of view, production of gas from hydrates is energy efficient.

The most important factors to be considered for asséssing the feasibility of gas
production from hydrates are the form in which they exist in the reservoir énd the
extent of their saturation in the reservoir‘ rock pores (Holder et al, 1984). Hydrates
can exist either in association with gas, water, ice, or as 100% hydrates. Other

factors which should be considered are reservoir rock properties of hydrated and
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hydrate free zones, and heat losses, if any, to overburden and underburden
formations.

The quahtity of gas that can be produced from a hydrate reservoir will also
depend upon how the dissociation of hydrates affects the porosity, permeability,
formation structure, etc. of the reservoir. The hydrated gas may be present in the
reservoir in consolidated or unconsolidated media. The reservoir character may
change drastically with dissociation of hydrates into gas and water (ice). Hence, in
order to apply the conventional production techniques to a hydrate reservoir, it is
necessary to compare the technical and economic aspects of the various production
methods.

Various techniques have been put forward for the production of gas from gas
hydrates. These include thermal recovery by injection of steam, hot water, hot
brine or fire flooding, depressurization and injection of hydrate inhibitors like
methanol or glycol (Halleck et al, 1982; McGuire, 1981; Holder et al, May 1982;
Holder et al, Nov. 1982; Bayles et al, 1984; Kamath- et al, 1985). These are discussed
in the following paragraphs.

a. Thermal Recovery

In this method, the dissociation of hydrates to gas and water is accomplished
by providing thermal energy in the form of steam,r hot water, hot brine or by fire
flooding. From a thermodynamic point of view, thermal recovery technique has
been found to be viable (Holder et al, 1982), but it may pose problems in the severe
conditions where hydrates occur.” |

Gas pioduction by thermal 'recovery is illustrated here by considering steam
injection. A schematic diagram of thermal recovery by steam injection is shown in
Figure 10. VSteam_ is injected into the hydrate reservoir at a specific rate and at a
specific temperature in a cyclic manner. Each cycle is considered to be made up of

steam injection stage, hydrate dissociation stage and gas production stage
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Bayles et al (1984) have developed a model to determine the limits of expected
gas production for such single well cyclic steam process. Their'results indicate that
deeper reservoirs and reservoirs with higher hydrate filled porosity and higher zone
thickness result in better gas production, and higher energy efficiency ratios.

McGuire (1981) has developed two models for the production of methane
hydrate by hot water injection. The frontal sweep model envisages a production
scheme which is similar to steam flooding of a heavy oil reservoir and predicts highly
optimistic gas production rates. The fracture flow mode! simulates gas production
from low permeability hydrate reservoirs and predicts the lower limit of hydrate gas
production. . |

Recently, Kamath and Godbole (1985) have suggested the use of hot brine for .
gas production from hydrate reservoirs. The use of hot brine instead of steam
results in lower heat losses, reduced reservoir heating and lower hydrate
dissociation energy. For economic viability, they recommended that the hydrate
reservoir should posseés a porosity of, at least, 15%, minimum hydrate zone
thickness of 25 feet, high brine salinity, brine temperature between 250°F and
600°F, and minimum brine injection rates of 5,000 BPD.

Kamath et al (1985) have studied the effect of hydrate dissociation during
thermal recovery of heavy oils by steam drive on the North Slope of Alaska. It was
found that the presence of hydrates is beneficial for heavy oil recovery and results in
improved reservoir heat efficiency, cumulative oil production and higher oil to -
sfeam rafio. Also, the generation of‘gas due to hydrate dissociation results in a
higher reservoir pressure, reduced oil viscosity, reduced grévity overr'ide and
provides gas drive mechanism. However, there is a decrease in steam zone
efficiency due to significant loss of steam in dissociated zone.

b. Depressurization
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Another method for dissociating hydrates to gas and water is by reduction of
pressure. In order that heat flows to the hydrates, a temperature gradient has to be
generated between the hydrates and the surrounding media. This is accomplished
by reduction of pressure which causes dissociation of hydrates to gas and hence a
lowering of temperature of remaining hydrafes. The generation of gas in turn,
raises the pressure to the vapor pressure of hydrates at the new lower temperature,
thus establishing a temperature gradient.

Holder et al (1982) have simulated gas production from a reservoir containing
stratified layers of gas hydrates and free gas. The hydrate zone was assumed to be
impermeable and hence acted as a gas cab. They showed that the contribution of
gas from dissociation of hydrates to the total gas production, increases with
production time, and can even reach up to 40% of total production.

McGuire (1981) has presented a depressurization production scheme wherein
a fracture is deliberately geherated'to increase the permeability of the hydrate
zone. As per the model, the rate of gas production is a strong function of
permeability in the ice zone but is’independent of permeability in the hydrate zone.
McGuire (1981) has also suggested a salt-free technique for melting the ice or
hydrate surrounding the fracture and for maintaining the salt concentration in the
area sufficient to prevent refreezing for the life of the well. This may enable the
production of hydrate gas feasible even temperatures well below 0°C which might
notbe posslble by conventional fracturing techniques.

So far gas productlon from a hydrate reservoir only has been considered.
Recently, Burshears et al (1986) presented a 2 phase, 3-dimensional, variable
composition numerical model for gas production from a conventional gas reservoir'
in contact with hydrates. They concluded that it is possible to dissociate hydrates
without any external energy source. The rproduction of gas from the gas reservoir

causes pressure reduction which, in turn, results in dissociation of hydrates to gas
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and water by depressurization and consequently a further increase in gas
production. Thus, an expected low rate of pressure decrease during production of
conventional oil and gas might indicate the existence of hydrates. However, for
depressurization the initial temperature of the reservoir should bé near or above
32°F. Otherwise, the hydrate would dissociate to gas and ice, which being

impermeable prevents further dissociation of hydrates.

C. Unconventional Techniques of Gas Production From Hydrates

A number of unconventional techniques for producing gas from hydrates have
been suggested which include solvent injection, salt frac and in-situ combustion.
The injection of solvents like rhethanol or glycols into a hydrate reservoir causes the
hydrate to dissociate. An advantage of this technique is that the solvent can be
recovered in a production well and recycled.

Another method suggested (McGuire et al, 1981) is the salt frac technique
which improves the effectiveness of steam or solvent injection by using salt as a
proppant. In the presence of salts, the hydrate stability curve shifts to the left, thus
reducing the hydrate dissociation temperature in the thermal injection or reducing
the quantity of solvent necessary for hydrate dissociation in the solvent i'njection
technique.

In case of the in-situ combustion method, methane and oxygen are injected
into the reservoir and ignited. As a result of controlled combustion of methane
within the reservoir, the hydrates dissociate to produce gas.

Some of the unconventional extradion techniques suggested are dissociation
of hydrates by microwaves and electrical waves, water jet drilling, burial of
radioactive wastes for providing thermél energy for di‘ssociation, reservoir

depressurization and sea floor mining (METC Topical Report, 1984).
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Some other production techniques suggested by Russian scientists (Krason,

1985) are given below:

a.

By utilizing heat of the formation, e.g., reduction of formation pressure

in hydrate deposits by removing fluids.

Reduction of the equilibrium temperature of hydrate dissociation

i. by addition of substances that dissolve gas released due to hydrate
dissociation, thereby decreasing the partial pressure of gas above
hydrates;

ii. byinjection of non-hydrate forming gases like air.

Simultaneous injection of hot water, believed to exist beneath the

hydrate zone and at temperatures above 50°C for dissociation of hydrate.

For marine gas hydrate deposits;

a.

Suction dredging of sediments saturated with hydrate has been
suggested. The slurry containing gas, hydrates and sediments are
transported to the surface where gas is then separated. However, for
producing gas from marine gas hydrate deposits, it is necessary to
remove the upper layers of sedimeiits devoid of hydrates, excavate the
sediment poorly saturated with hydrate and develop the producing

deposits at tens to hundreds of meters from the sea bottom.

- Geological Implications

In addition to the temperature and pressure conditions in the hydrate

reservoir, geological parameters play an important role in determining the amount

of hydrates formed. This, in turn, affects the producibility of gas from a reservoir.

One of the most important factors which affects the heat necessary for hydrate

dissociation and the flow rate of dissociated gas is reservoir porosity. The efficiency

of thermal injection and the thermal properties of the hydrates are determined by
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the thermal properties of the hydrate reservoir like heat capacity and enthalpy of
reservoir media, etc.

Holder et al (1980) have studied the effect of geological parameters on gas
production from in-situ gas hydrates by steam injection recovery technique. Their
study indicates that the geological and thermal conditions of the hydrate reservoir
play an important role in maximizing thermal recovery of gas by hydrate

dissociation.
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11. DRILLING IN THE PRESENCE OF HYDRATES

The occurrence of hydrates in wells drilled in the polar region has been well
documented. In the past, drilling through hydrate zones has resulted in problems of
mud control due to severe mud gasification (Bily and Dick, 1974; Franklin, 1979),
and the decomposition of hydrates during drilling has resulted in several gas kicks in
the Mckenzie Delta and fires on seismic rigs (Judge, 1984). In addition, fizzed drill
cuttings, wellbore freeze up, casing collapse and near blowout situations
(Makagon, 1965; Franklin, 1979) have been reported. The low permeability of
hydrate reservoirs prevents mud loss and results in the formation of a protective
clay coating on well walls. Therefore, drilling through hydrate reservoirs results in
decomposition of hydrate and also heats up near-hole hydrate containing rocks.
The intergranular bonds weaken, the rock collapses, forming an intensive cavity and
may lead to violent degassing, tool sticking and mud blowout (Makagon, 1983).

While drilling .through a zone of naturally occurring hydrates, they are
exposed to an increased temperature and thereby dissociate into gas and water,
providing gas'influx in the wellbore. In addition, the introduction of gas for
cleaning hole cuttings or for lubrication of the drill bit, reduces hydrostatic pressure
of the mud column which further accelerates h‘ydrate dissociation in the vicinity of
the wellbore. Rapid dissociation of the hydrate zone can introduce a large gas
influx from the dissociated hydrate zone into the wellbore causing a gas kick.

- In view of the expected increase in oil and gas exploration in the coming years,
particularly in areas of potential hydrate occurrences, it has become increasingly
important to use safe drilling practices. One of the standard drilling methods used
in the past to overcome severe gasification problems has been to cool the drilling
mud and ihcrease the' mud density. Though this approach eliminates heat input

from the mud to the hydrate zone, it does not succeed in reducing the hydrate zone
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temperature primarily due to heat flow from deeper formations and also due to the
heat exchange between down flowing drill pipe fluid and returning annulus fluid.

Another approach is to use cooler muds while increasing mud weights. In this
case, the dissociation of hydrates during drilling can raise the shut-ih pressures
under closed in BOP stacks to levels sufficient to fracture formation below the
casing shoe. Also, as a result of gas evolution, there is a reduction in mud density,
which facilitates entry of free gas frbm other exposed holes into the drill hole.
Goodman (1978) has analyzed the decomposition of Hydrates during drilling
considering thermal effects only as governed by the pressure-temperature
equilibrium curves of hydrates. Factors affecting decomposition of hydrates include
mud inlet temperature, flow rate, drilling schedule, geothermal gradient, well
configuration, soil properties, etc. |

In contrast to the foregoing methods which aim at inhibiting dissociation of
v in;situ hydrates, Franklin (1980) suggested promotion of the dissociation while the
drill pipe is in hole by using lower weight muds. The gasified mud on returning to
wellhead is subjected to degassing, cooling and recirculated. Furthermore, the
}penetration rate is reduced to maintain the gas volume in proportion to the
capacity of the available equipment. For replacement of drill bit or for logging
purposes, hydrate dissociation can be interrupted by employing heévier muds. This
approach has been effectively used for drilling through hydrates in the Canadian
Arctic. ' | .

Coring hydrates with conventional core equipment can be dangerous with a
pressure core barrel. It is necessary to use cool drilling mud. Otherwise, special
equipment would be needed at ther surface to control the temperature of the
hydrate filled core barrel during depressurization (Bily and Dick, 1974). For drilling
" to deeper depths, hydrate zones shohld.be preferably cased off.
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Goodman et al (1979) have simulated the drilling process of a Panacrtic well in
the arctic offshore which can be used for controlling hydrate dissociation during
tripping and setting of the casing. To control the hydrate gas influx, increase the
dissociation temperature should be increased by using higher mud weights. This
causes a change in hydrate equilibrium conditions, so that further decomposition is
prevented. Goodman (1978) has provided guidelines for the type of muds to be
used in arctic conditiorrs. Thompson (1985) presented a model for determination of
downhole mud temperatures to be used while drilling through non-hydrate zones.

Roadifer et al (1987) have presented an unsteady state, two dimensional (r-z)
cylindrical coordinate finite difference sirnulator for modeling the dissociation of
hydrates during drilling, for establishing guidelines for controlling the hydrate
dissociation rate and the gas influx at wellbore, and for handling gas realized at the
surface. The model determines dissociation retes, gas influx rates for given mud
weight, mud temperature and specific reservoir conditions. Furthermore, it enables
the determination of optimum mud weight and mud temperature for a given
capacity of a degassing unit. Three methods have been suggested to control
hydrate dissociation during drilling. These include: reducing mud temperature,
increasing circulation rate and increasing mud weight. The specific method or
combination to be used depends upon several factors like feasibility, economics and
reservoir parameters. |

Based on the wellbore heat transfer models of Keller et al (1973), Marshall and
Bentsen (1982) and the wellbore hydraulics for newtonian fluids. Bingham plastics
and power law fluids (Bourgoyne et al, 1986), Roadifer et al (1987) coupled the
wellbore heat transfer and hydraulics with their hydrate dissociation model to
model the hydrate dissociation under a wider range of drilling conditions. The
model can be used to predict the effects of a wide range of drilling parameters on

wellbore temperature, pressure, and subsequently the hydrate dissociation rate for
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-arctic terrestrial, arctic'subsea and subtropic subsea locations. They concluded that
for preventing hydrate dissociation:

a.  Turbulent flow conditions should be maintained in the annulus.

b.  Run the casing after potential hydrate zones have been penetrated, if

permafrost problems can be avoided.

¢.  There should be no casing run to the platform in subsea locations if it is

feasible.
_For promotion of hydrate dissociation:

a.  Flow through the annulus should be laminar.

b.  The casing should be run to the maximum depth above potential hydrate

zones, where feasible. )

A series of plots and nomographs have been presented for the determination
of potential hydrate zones, selection of drilling parameters, or design of surface
equipment for safe drilling through potential hydrate zones. Figure 11 (Godbole et
al, 1987), Figure 12 and Figure 13 can be used to determine depths to which
hydrates may be expected in arctic subsea and subtropic subsea locations. Figure 14
gives a nomogram for estimating parameters for drilling through hydrates. These
can be used for predicting temperature and pressure necessary to keep hydrate
dissociation within safe limits of drilling equipment, or vice versa, for design of
surface degassing equipment for rﬁaximum temperatures and minimum pressures

expected to occur over the hydrate zone.
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12. POTENTIAL OF HYDRATES AS AN ENERGY RESOURCE

The presence of in-situ natural gas hydrates in Arctic and suboceanic regions
has been well documented. Potentially huge deposits of hydrates have beven
identified in cold regions such as Arctic Alaska, the preliminary estimates for

| Alaskan onshore and offshore regions being approximately 500 million cubic feet of
gas-in-place. (Holder et al, 1984). Hydrates possess several characteristics which
make them an attractive alternate source of energy for the future. First of all,
hydrates represent a concentrated form of natural gas i.e. ohe cub feet of hydrate
can contain as high as 160-180 ft3 of natural gas. Secondly, they possess an energy
content comparable to that of heavy oil. Thus, the energy content of a hydrate
reservoir is approximately 45,000 to 60,000 Btu/cubic feet of hydrate. Also, from a
thermodynamic viewpoint, the recovery of gas from a hydrate reservoir is an energy
efficient process. Thus, only 10% of the energy recoverable from the gas is
consumed in recovering it from hydrates. 7

It is well established that hydrates contain about 10 to 15 weight % natural
gas, depending upon the gas composition, and hence they can be considered as a |
potential energy source in the future if they can be economically recovered: In
addition, even the most con‘servativré estimates of natural gas in hydrate form are
significantly greater than the conventional gas deposits. Though several recovery

- schemes like thermal recovery, depressurisation, inhibitor injection etc. have been
suggested to recover gas ffom the hydrates, they have not been found to be
economically attractive primaﬁly due to the abundant supplies of conventional gas.
With the depletion of the conventional gas resources, there will be an increasing
need to develop pfoduction technologies to harness this resource, particularly
becausé of its wideSpread occurrence.

For hydrate production to be feasible, it appears that free gas should be
laterally associated with hydrated gas and that too extensively (Franklin, 1980). For
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recovering naturel gas, Panarctic suggested a novel approach, wherein the
dissociation of hydrates is influenced by the free gas laterally associated with it, By
employing low weight muds and proper degassing equipment on the surface, they
tried to promote early dissociation, while the drill pipe was in the hole. Recently,
Roadifer et al (1987) have studied the effect of varying drilling parameters for safe
drilling thrdugh potential hydrate zones and have provided guidelines for
promoting and preventing dissociation.

The heat required to convert the hydrates to gas and water is about 60-120
ki/mole of gas, which is neatly 10 percent of thé heating value of the gas. However,
the hydrate dissociation process maybe accompanied by large heat losses 1o
overburden and under formations, Whlch can make the gas production
uneconomical. Holder et al (1986) have compared the economics of gés production
from hydrate deposits by thermal recovery and depressurisation techniques, on the
North Slope of Alaska. Their analysis indicates that thermal techniques are
uneconomical even with multiple zones, though depressurisation technique might
be feasible. For producing gas from offshore hydrate deposits by the
depressurisation technigue, the break-even-prices are lower.

For developing viable gras recovery techniques from hydrates, it is necessary to
study, In detail, the in-situ nature rof ﬁydrates, characteristics of the media in which
they occur (like pordsity, perm’eability of hydrated and unhydrated zones), extent of
hydrate saturation in the,pores of the reservoir, heat requirements for hydrate
dissociation and problems associated with production due to low permeabilities and

cold environment.
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13. PREVENTION OF HYDRATE FORMATION

Though gas hydrates were discovered way back in 1810, the study of gas
hydrates did not have any indrect industrial bearing until in 1936. Mammerschmidt
(1934) discovered that the plugging of natural gas pipelines was primarily due to
thé formation of gas hydrates. It was then that the research of hydrates received an
impetus and efforts were made to develop techniques to prevent formation of
hydrates in natural gas pipelines.

One of the first attempts to study hydrate inhibition technique was in the late
50's, when Scauzillo (1956) investigated the effectiveness of both Iiduid
hydrocarbons and glycols in inhibiting the formation of gas hydrates. He conducted

hydrate inhibition tests on three mixtures of natural gas and a saturated

‘hydrocarbon oil in presence of excess brine, and also, on two mixtures of the residue

gas and an absorber oil in presence of excess distilled water. He concluded that the
hydrate formation temperature of gas was lowered if liquid hydrocarbons are also
present in natural gaﬁ, and that hydrate formation can be inhibited by glycol
solutions. It was also found that the combined effect of liquid hydrocarbons and
the aqeous glycol solutions approach additive properties with decrease in gas/oil
ratio.

In the late 1970's, Mobil reported the installation of a new methanol injection
system to prevent production loss due to hydrate formation in the long flow lines
between wells and production platforms in the Gulf of Mexico (Bleakley, 1970). A
detailed analysis of the various téchniques indicated that the most economically
viable technique for prevention of hydrate formation was that of methanol
injection directly at the well site. The system was s0 designed as to inject the
optimum amount of methanol at each well head. The injection system was required |
to be operated only during the colder months of the year since no hydrate

formation was found to occur below the Gulf water temperatures of 68°F. Also, no
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attempt was made to recover the injected methanol, as it was found to be
economically unattractive.

Recently, Menten et al (1981) have proposed a theoritical method to predict
the effect of inhibitors on the conditions of formation of natural gas hydrates. The
method can be used to preduct the effect of inhibitors (like KC1, CaClz, CH30H and
C2HsOH) using existing hydrate parameters and literature data and can be readily
extended to other inhibitors and gas mixtures.

To prevent hydrate formation in measuring and regulating equipment, certain
precautions have to be taken. It is possible to avoid down time and a lot of
operational problems by proper design and handling procedures in gas production
e.g. avoiding unnecessary pressure and tempe}ature drops, insulation of piping to
keeb gas temperature above hydrate zone, providing isolation and blowdown
valves with points for methanol injection etc.

| It is possible to predict change in conditions of hydrate formation and hydrate
prevention from generalized graphs showing effect of pressure and inhibitor
solution concentration on the hydrate formation conditions for different gases
(Makagon, 1981). For gases of different compositions at different pressures, it is
found that the hydrate formation temperature is Iowered by different amounts by
injecting an mhubltor solution of a spec:fled concentratuon

Koledezni and Arshinov (1970) have dlscussed the method of hydrate inhibitor
injection in the bottom hole well bore vicinity at Messoyakha field. They suggested
that 30% calcium chloride solution be used as inhibitor in summer and a mixture of
methanol and calcium chloride in winter, the quantity of inhibitor being calculated
taking into consideration the capacity of the casing. A cyclic procedure of inhibitor
injection, followed by oil production is followed, where the frequency of inhibitor
injection can be determined by field experimentation. They also suggested that if

hydrates existed in well bore hole, it was necessary to inject inhibitor continuously
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to avoid formation of hydrates.
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14. Environmental Problems due to Hydrate Formation & Dissociation

If hydrates are present in conjunction with oil or free gas, although they
provide a potential source of free'vg'as, ‘they also affect the produceability of the
crude oil or natural gas reservoir.‘ The formation of gas hydrates in oil and gas
reservoirs drastically reduces the permeability of the reservoir to oil and gas flow.

In addition, a crude oil may be denuded of its lighter components, due to
formation of hydrates. This not only increases the viscosity of the oil but also
reduces the efficiency of the recovery processes. (Holder et al, 1976, Verma et al,
1974). Also, it has been reported that there have Been gas blowouts in coal mines
due to accumulation and decomposition of gas hydrates in porous media,
(Makogen, 1978). | - |

Topham (1984 a,b) has reported that the formation of hydrates in deep Qea
environment may result in an oil well blowout due to channelling of gas in the form
of hydrated plumes' of hydroca}bon gases. This reduces the buoyancy of the
otherwise fast rising bubble plumes, thereby causing extensive damage.

Recently, Godbole et al (1987) have analysed the hydrate formation and
dissocation from bubble plumes rising in deep sea waters. The zones of hydrate
formations in deep waters have been determined for various potgntial.arctic
bffshore exploration areas. A new hydrodynamic model for the hydrate forming
bubble plumes has been developed which includes spherical as well as elliptical
bubble shapes with appropriate drag coefficients. The model also addresses the
ultimate fate of the oil after thg hydrated plume dissociates back into gas.

| Apart from these there are other problems due to hydrate formation or
dissociation in the reservoir or near well bore. '

Hydrate dissociation can cause soil compaction due to phenomena siﬁilar to

thaw subsidence in permafrost.

o

wlp




- -:Hydrate formation-:can ‘cause freeze.back pressure phenomena

damages to the well bore.
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. 15. OTHER USES OF HYDRATES

wlp

One of the principal areas in which hydrates can be potentially used is in the

‘ .desalination fo sea water (Knox et al, 1961, Barduhn et al, 1962). In this approach,

pure water is separated from its solution in a solid form by reacting with hydrating

agents like propane, methl bromide, Freon 22 etc, to form a gas hydrate. As

hydrates are stable above 00C, refrigeration costs can be reduced in processes that ‘ -

use freezing methods to desalineate sea water.

Gas hydrates can be used as a form of underground storage of natural gas

(Parent, 1968), who found that the storage of natural gas as a solid was more safer

than as liquid. Child (1964) suggested that hydrates can be used in transporting and

¥

| ‘storing radioactive gases such as Krypton, which itself is capable of forming

hydrates. makagon (1974) suggested that hydrates could be used as gas blowout

preventer in coal mines as well as in fog and cloud dispersion.
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16 NOMENC;LATURE
Kihara Special Core Radius |
Structure dependent parameter for specific heat
Langmuir constant for an ith molecule in a jth cavity
Water rich liquid phase
Hydrocarbon rich liquid phése
Hydrocarbon gas M ’ |
Integer Constant
Hydrate number

Dissociation pressure, kPa or psi

- Gas Constant, Joule/mole.K

Radius of cavity j

radiél distance from centre 6f cavity
temperature, oC or oK | |
Vapour phase | |

gas phase - fugacity

smoothed cell potential function

phase
rate of formation of nuclei
diffusivity of water through hydrate film
radial grovhh rate of suﬁacé film hydrate

water diffusion rate

: Diffusiyvity of water through hydrate film

Standard Temperature and Pressure

interfacial area
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ratio of number of j cavities to the number of water molecules in hydrate

Cedalt

udp
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Greek Letters

indicates difference in property

gas-water Kihara energy parameter, joule/molecule
chemical potential of water, joule/mole

Kihara distance paramater, pm

Fractional occupancy of the cavity

Accentric factor of gas molecule

Hydrate growth time

overall order of reaction w.r.t. pressure

absolute activities - |

density in hydrate phase

Subscripts
In pure water

in aqueous solution
gas phése

Hydrate Phase
GasVSpecies, i

Cavfty typej

liquid phase
solid'(ice) phas'e o
water or ice‘ phase o

uhoccupied water phase
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