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ABSTRACT

A simulation study on the effects of capillary pressure on methane gas recovery 

from methane hydrates was conducted using STOMP-HYD. Four stimulation recovery 

methods were examined in the study; thermal stimulation, depressurization above the Q- 

point, depressurization below the Q-point, and CO2 micro-emulsion injection, van 

Genuchten parameters pertaining to moisture retention characteristics for soil types 

ranging from coarse to fine grained were introduced into the simulations to quantify what 

role capillary force plays in methane gas recovery. It was observed that greater capillary 

forces resulted in gas production occurring sooner in all four stimulation cases. It was 

found that greater aqueous saturations resulted due to the higher capillary forces. The 

greater aqueous saturation allow for greater heat transfer through the porous media. As a 

result of greater heat transfer, CH4 hydrates dissociate sooner in the cases where high 

capillary forces were observed, lending to faster production rates.
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CHAPTER 1 

INTRODUCTION

1.1 Introduction
Gas hydrates were first discovered by Sir Humphrey Davy in 1810 as a result of a

laboratory experiment gone awry. Little else was formulated about these unique ice and 

gas structures until the 1930’s when pipelines began to become blocked due to the 

transport of gas under high pressure conditions. These structures of ice and gas are 

known as clathrate, which is derived from the Latin word clatratus. Hydrates are 

crystalline solids which look like ice. Hydrate formation occurs when water molecules 

form a cage-like structure around smaller “guest molecules”. The most prevalent “guest 

molecules” are methane, ethane, propane, butane, nitrogen, carbon dioxide, and hydrogen 

sulfide. Of these gases, methane is the most abundant. Methane gas hydrates contain 

approximately 15 mole percent methane (CH4) and 85 mole percent water (H2O). The 

chemical formula for methane gas hydrates is 7.568CH} + 4 6 H2O. Upon decomposition 

one volume of hydrate will yield 160 to 180 volumes of methane gas at standard 

conditions (Godbole et al., 1998). Methane hydrates are found at low temperatures and 

high pressures, the most common environments being oceanic and permafrost sediments 

(Kvenvolden, 1998).

Today methane gas hydrates have taken on a vitally important role in sustaining 

energy needs for the future. Researchers have been struggling to unlock the potential for 

this enormous worldwide energy source of an estimated accumulation of 700,000 trillion 

cubic feet (TCF) (Darvish, 2004). This figure represents at least two orders of magnitude 

more than the recoverable carbon in conventional fossil fuel resources. This potential 

energy source has attracted governments and private industries to search for and to 

develop methods to economically produce methane gas from hydrates.

Gas hydrates were first discovered on the Alaskan North Slope in 1972, and to 

date have been confirmed or inferred to exist in 50 North Slope exploration and 

production wells (Collett, 1993). The potential for gas hydrates in Alaska has been
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estimated to be 35 to 42 TCF (Thomas, 2001). The North Slope potential is of further 

interest since the accumulations of these hydrates exist within areas that contain 

infrastructure that has been in place for decades due to the production of oil. If these 

resources prove to be economically recoverable and transportable they will become a 

significant source for future domestic energy needs.

Realizing the potential for the development of this non-conventional energy 

source, the United States Government passed the Methane Hydrate Research and 

Development Act (MHR&D Act) of 2000. This act which was set into law May 2, 2000 

appropriates $47.5 million over 5 years for the purpose of conducting research, assisting 

in the development of technology, transportation and storage, evaluating environmental 

impacts, reduce risks of drilling through hydrates, and conducting exploratory drilling 

(Morehouse 2000). On August 8 , 2005 President George W. Bush signed the Energy 

Policy Act of 2005, which included the reauthorization of the MHR&D Act for another 5 

years, authorizing $155 million in research and development (Boswell et al., 2005).

1.2 State of Gas Hydrate Problems

There are two factors which make gas hydrates an attractive energy resource: (1) 

the vast abundance of methane sequestered at shallow depths and (2 ) the wide 

geographical distribution of gas hydrates (Kvenvolden 1998).

Given the wide abundance and distribution of gas hydrates it has been proposed 

that they could serve as a future energy resource (Collett et al., 1998). There have been 

many optimistic claims which suggest that methane gas production from gas hydrates 

could serve as a future source of energy. However, permeability of the sediments, 

decreasing enrichment factor with depth, lack of corporate interest, limited industry 

infrastructure at hydrate locations, and lack of field cases proving gas production from 

hydrates all add to the reduced prospects of hydrates as a future energy source 

(Kvenvolden 1998).

Permeability of the sediments in which hydrates are located poses the greatest 

restriction for development of hydrate reservoirs. Without permeability, little gas
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accumulation can be produced, furthermore the use of drilling to produce the gas is also 

ineffective since the gas will not move into the production wells at an appreciable rate 

(Levorsen, 1967). For example, the Blake Ridge which is an offshore hydrate bearing 

area in the southeastern United States that has undergone extensive analysis, hydrates are 

typically found within low permeability strata mainly clay and claystone. The low 

permeability strata may be representative of other offshore regions thus warning of 

potential geological downfalls (Kvenvolden, 1998).

There is also a concept presented by Hunt 1979, where he suggests that gas 

hydrate concentration decreases with depth. The concentration of gas decreases due to 

free gas compressing at these depths. This concept suggests that at increased depths a 

given volume of gas hydrate will contain less than it would if the gas were in its free state 

(Hunt, 1979).

Abundant conventional gas supplies have played a large role in the lack of 

developing gas hydrate reservoirs, with large supplies and lack of incentive to produce 

gas from hydrates, the petroleum industry has not had a need for this energy source 

(Rogner, 1997). Over the years industrial support has shown very little initiative for gas 

hydrates as a future energy source. Recently, more interest in the area has appeared, 

notably BP Exploration Alaska, Anadarko Petroleum, and the governments of Japan and 

India. The interest of BP and Anadarko Petroleum has been spurred by the close 

proximity to local infrastructure which exists on the Alaskan North Slope and could 

potentially be utilized to produce and transport gas (Digert, 2005). In March 2003, 

Anadarko Petroleum, Maurer Technology, and the United States Department of Energy 

(USDOE) drilled the first hydrate-research well in Alaska (Mehran, 2004). The 

governments of India and Japan have recently expressed interest encouraged by their 

immediate energy needs (Kvenvolden, 1998).

The Messoyakha gas field in Western Siberia has been cited as the first 

commercial gas field producing gas from gas hydrates in the world (Makogon, 1995). 

Messoyakha has been studied extensively and it is believed that the part of the produced 

gas originates in the hydrate layer due to the decrease of gas pressure and dissociation of
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the gas hydrate zone (Makogon et al., 1971). Thus gas production from the hydrate zone 

has been a direct consequence of producing gas from the underlying free gas reservoir. 

Other ventures have also taken place to exploit gas from hydrates such as the Mallik 2002 

program. The Mallik program was undertaken with the objective of being a fully 

integrated field study and production testing of natural gas hydrates. The outcome of this 

venture proved that gas production from gas hydrates is technically feasible, however the 

economic cost of producing gas was unfavorable (Mallik, 2002).

1.3 Objective of Study

Presently, depressurization, thermal stimulation, inhibitor injection, or 

combinations of these methods have been considered as possible means of gas hydrate 

production. A new method for enhanced gas hydrate recovery (EGHR) has been 

proposed which takes advantage of the physical and thermodynamic properties a water -  

carbon dioxide (H2O - CO2) micro-emulsion slurry system combined with controlled 

multiphase flow, heat, and mass transport processes in hydrate-bearing porous media. 

The key steps in the process have been validated in laboratory-scale experiments. The 

method is attractive from a climate change perspective in that injected CO2 is 

permanently sequestered as a solid gas hydrate as part of the production process. 

Additionally, refilling pore space with CO2 hydrate is expected to maintain the 

mechanical stability of gas producing sediments, thus enhancing safety during gas 

production from both terrestrial and marine environments (McGrail et al., 2005).

Simulation of methane gas production from gas hydrate reservoirs is an 

imperative portion of the overall study in determining the feasibility o f this vast potential 

energy resource. The simulation efforts will inform researchers about the feasibility of 

production and what practices to employ to achieve maximum production. Through 

simulation efforts the performance of the reservoir can be modeled without even drilling 

the first well. Estimations on the production rates can be determined with the chosen 

stimulation technique, production well location, numbers, and spacing orientation. 

However careful considerations should be taken as the results of the simulations are only
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as reliable as the data that is incorporated into the simulator. Currently gas hydrate 

reservoir data is at a minimum, the lack of geological and physical measurements pose 

problems with reservoir simulation and are needed to accurately assess reservoir models. 

Simulation efforts are therefore prone to many uncertainties which need to be cross 

referenced and history matched with actual geological and physical measurements from 

test wells.

A growing role for numerical simulation -  the ability to numerically simulate 

behavior of hydrate reservoirs under natural conditions has improved substantially over 

the past five years, and will be critical to conducting efficient field and laboratory studies 

in the future (Boswell et a l, 2005).

Currently there are several simulators available that are able to simulate 

methane gas production from gas hydrates. The list of simulators include, STOMP- 

HYD, TOUGH-FX/Hydrate, MH-21 Hydrate Reservoir Simulator, MH-21 HYDRES, 

and CMG-STARS, along with in-house simulators that have been developed by industry 

(Boswell, 2005). Of these simulators only STOMP-HYD has taken into consideration the 

effects of capillary pressure on hydrate stimulation. The other simulators have left the 

role of capillary pressure out of their respective coding. Moridis, et al. (2005) have 

postulated that capillary pressure plays a critical role in gas production from gas hydrate 

accumulations. It is the objective of this research to determine what role capillary 

pressure forces play in the production of methane gas from hydrates. The evaluation 

technique will employ numerical simulation with STOMP-HYD to evaluate various 

stimulation methods, such as thermal, depressurization (with and without ice formation), 

and CO2 micro-emulsion injection. It should be possible to answer the question of 

capillary forces, by repeating the code comparison problems over a range of capillary 

pressure function parameters (van Genuchten parameters). The objective being to 

quantify the difference in production rates and phase behavior as a function of capillary 

pressure function. The results should indicate when and if it's necessary to include 

capillary pressure effects in numerical simulations of hydrate production.
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To accomplish the research task STOMP-HYD was utilized with different van 

Genuchten function parameters for soil texture ranging from coarse to fine grained. 

Varying van Genuchten parameters were employed since capillary pressure is an intrinsic 

property of these soil specific parameters. The goal of varying the van Genuchten 

parameters is to produce a range of capillary pressure characteristics to make an accurate 

assessment as to whether or not capillary pressure plays an important role in gas hydrate 

simulations. The soil specific parameters that were analyzed may or may not affect 

capillary forces, the van Genuchten parameters a  and n are used in STOMP-HYD to 

calculate capillary forces.
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CHAPTER 2 

LITERATURE REVIEW

2.1 Review of Gas Hydrates

Gas hydrates are compounds which are composed of water and ice, gas molecules 

which are trapped within an ice lattice. They form in environments where high pressures 

and/or low temperatures exist. Hydrates are located in many locations around the world 

with a common trend of occurring in permafrost regions as well as in deep oceanic 

sediments. These locations contain suitable pressures and temperatures for hydrate 

stability. The presence of gas hydrates was first observed as a result of leaving gas 

samples enclosed in a chilled environmental setting, by Sir Humphrey Davy in 1810. It 

was not until the 1930’s that these strange structures began to be scrutinized for their 

reputation to pose threats to natural gas pipelines. At this time it was not realized that gas 

hydrates existed in the natural environment. Hydrates were studied for their ability to 

form in natural gas pipelines, due to the high pressures which make their formation 

possible, with the intent to prevent pipeline obstructions. With that concept in mind work 

ensued to understand the properties and mechanisms for formation, with most yielding 

results to avoid or delay hydrate formation through the use of thermodynamic and kinetic 

inhibitors (Mehran, 2004). Hydrates were later found to pose problems when drilling 

through strata and environments suitable for hydrate existence (gas kicks and 

uncontrollable gas releases), causing wellbore instability onshore and seafloor instability 

offshore. As the relationship with hydrates continued research efforts concluded that 

hydrates, with their ability to concentrate gas, have the ability to become a great asset in 

sustaining energy needs for future generations. A potential prize of 35,000 TCF of 

methane gas awaits development if a feasible means of production can be achieved as 

well as an economically feasible transportation mode from the remote sources be 

implemented, therefore it is imperative that techniques be conceived and researched for 

the future development of this resource (Darvish, 2004).
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2.1.1 What are Gas Hydrates?

Gas hydrates are a combination of water in the form of ice along with a “guest 

gas”. The ice forms a crystalline lattice around a guest gas molecule in a suitable 

environment where temperature and pressure are conducive for existence. There are 

many types of gas molecules found to compose hydrates; methane, ethane, propane, 

butane, nitrogen, carbon dioxide, and hydrogen sulfide. The bulk of hydrates found 

worldwide consist of methane gas hydrates. The interactions between the hydrophobic 

guest gas molecule and the cage structures are weak van der Waals forces with no direct 

chemical bonding occurring between the ice lattice and the guest gas molecule. This 

arrangement allows the gas molecule to rotate unrestricted within the ice lattice. Hydrate 

cage structures devoid of these guest gas molecules are thermodynamically unstable, 

hence these structures can only be formed when the guest gas molecules are en- 

clathrated. The gas hydrate structure is physically different from ice, usually dependent 

upon the physical properties of the en-clathrated gas. There are three common gas 

hydrate structures: structure I (si) hydrate, structure II (sll) hydrate, and structure H (sH) 

hydrates (Sloan, 1998). These structures all house a centrally located gas molecule 

encased in an ice structure, see Figure 2.1. Gas hydrates have the ability to concentrate 

gas; one volume of gas hydrate yields 160 to 180 volumes of methane gas upon 

decomposition at standard conditions (Godbole et al., 1998).

Figure 2.1 Typical structure o f  a hydrate (USGS Website 2006).
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2.1.2 Where are Gas Hydrates Encountered?

The existences of hydrates have been confirmed in over 50 locations worldwide. 

The locations of these sites have two common themes, high pressure and/or low 

temperatures, additionally sources of methane gas and water have to coexist. With those 

characteristics in mind it is appropriate that hydrates are found in abundance in arctic 

permafrost and deep ocean sediment locations. Figure 2.2 depicts the many locations 

globally where hydrates are known to exist.

The North Slope of Alaska has been studied for its vast gas hydrate resources. 

Timothy Collett (1993) has partaken in extensive studies on hydrate occurrences, he has
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estimated that the North Slope has a total reserve volume of 640 TCF. The region of 

hydrate bearing sediments is of particular interest since the accumulations are underlying 

existing production facilities. This area is located between two of the largest oil 

reservoirs in the United States (Prudhoe Bay and Kuparuk River fields), Figure 2.3 

contains North Slope hydrate locations.

Figure 2.3 Gas hydrate accumulations on Alaska's North Slope (Collett, et al., 2004).

2.1.3 Hydrate Stability

The preceding section has outlined global and regional locations where hydrates 

are known to exist. As was mentioned low temperatures and high pressures in addition to 

sources of water and methane gas are required. Thus, it is entirely possible for hydrates 

to exist above the freezing point of water. A limit to the extent at which hydrates can 

exist is dependent upon the location which is being considered. In arctic permafrost 

sediments the hydrate stability zone is found in the approximate depths of 150 to 2 0 0 0  

meters. In offshore areas hydrates are typically found at depths of 100 to 500 meters 

below the sea floor, there have also been rare instances where hydrates have been 

recovered from the sea floor (Mehran, 2004). Figure 2.4 illustrates the hydrate stability
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zones for permafrost and oceanic sedimentary conditions. As depicted in the figure the 

geothermal gradient of the Earth increases the pressure required for hydrate stability at a 

greater rate than that provided by the available pressure due to the hydrostatic gradient 

(Mehran, 2004).

TEMPERATURE K TEMPERATURE K

Figure 2.4 Depth -  Temperature zones o f  hydrate stability (AAPG Website 2006).

Another approach to hydrate stability is presented through a plot of pressure 

versus temperature. Figure 2.5 represents such a case (Dickens, et al., 1999). This figure 

represents a temperature/pressure phase diagram for pure water (pw) -  CH4 and pure 

seawater (sw) -  CH4 systems. There are four phases CH4 gas (G), CH4 hydrate (H), 

water (W), and ice (I), all of which are separated by three equilibrium curves. The 

intersection of the equilibrium curves is the quadruple point (Qi in Figure 2.5). Above 

the curves hydrates exhibit stability and below the curves hydrates become unstable and 

dissociate.
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Figure 2.5 Temperature/pressure relationship fo r  CH4 hydrates (Dickens, et al., 1999).

Recently, Bhangale, et al. (2006) have developed a pore-freezing model that can 

be used to predict gas hydrate equilibrium for pure CH4, CO2 and mixed CH4-CO2 

hydrate systems in saline pore waters for any given pore size distribution. The important 

feature that this model considers is the salting out phenomena (increase in salt 

concentration due to gas hydrate and ice formation). The model also gives the gas 

hydrate saturation in porous medium. Additionally, an equation of sate was developed 

for prediction of bulk gas hydrate equilibrium conditions, based on van der Waals - 

Platteeuw model, which is used in the pore freezing model and can also be used to 

calculate heats of formation of these hydrates for a given pore size and pressure. The 

results of the model have been shown to correspond with experimental field data.
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2.1.4 Classification of Hydrate Deposits

Hydrate accumulations are classified into three main classes. Class 1 

accumulations comprise two layers: the hydrate interval and an underlying two-phase 

fluid zone with free gas. In this class, the bottom of the hydrate stability zone coincides 

with the bottom of the hydrate interval. Class 2 deposits feature two zones: a hydrate 

bearing interval with an underlying mobile water zone with no free gas. Class 3 

accumulations are composed of a single zone, the hydrate interval, and are characterized 

by the absence of an underlying zone of mobile fluids. Based on current findings, class 1 

accumulations appear to be the most desirable to production mechanisms, involving only 

small changes in pressure and temperature to influence dissociation (Moridis, 2004).

2.1.5 Gas Hydrate Structures and Properties

There are three hydrate unit structures, si, sll, and sH which are given with 

reference to the water skeleton, composed of a basic building block cavity that has 12  

faces with five sides per face, abbreviated as 512, shown in Figure 2.6. By linking the 

vertices of 5 12 cavities the si structure is obtained; linking the faces of 5 12 cavities results 

in sll; and, in sH, a layer of linked 5 12 cavities provides connections. An oxygen 

molecule is located at the vertex of each angle in the cavities and connected to a bonded 

hydrogen atom on a neighbor water molecule. Inside each cavity resides a maximum of 

one small guest molecule (Sloan, 1998).



Table 2.1 summarizes the geometric characteristics of the three most prominent 

hydrate crystal structures I, II, and H that are currently know. A brief description of each 

structure follows.
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Table 2.1 Geometric characteristics o f  hydrate structures I, II, and H (Sloan, 1998).

Property
STRUCTURE

I
STRUCTURE

II
STRUCTURE

H

Lattice Type
Primitive

cubic
Face-centered

cubic
Hexagonal

Space Group Pm3n Fd3m P6 /mmm

Unit Cell Parameters 
(nm)

a =  1 .2 a = 1.7
a =  1 .2  

c =  1 .0 1

Cavities per Unit Cell 
(Cavity Type)

2[512] (S) 
6[51262] (L)

16[512] (S) 
8[51264] (L)

3[512] (S) 
2[435663] (S) 
1[51268] (L)

Cavity Ratio 
Large/Small

0.33 2 5

Average Cavity 
Radius, A

3.95 3.91 3.91

Coordination Number 2 0 2 0 2 0

H2O per Unit Cell 46 136 34
Density (g/cmJ) 0.91 0.94 1.952

Structure I  gas hydrates. This is a body centered cubic structure which forms with small 

natural gas molecules where the guest molecule can be as large as 0.53 rjm in diameter. 

It is found in situ in deep oceans and biogenic gases containing mostly methane, carbon 

dioxide, and hydrogen sulfide. The cubic unit cell has a cell edge o f 1.2 r|m and contains 

46 water molecules and 8 cavities. There are two small, and six large cavities. The 

composition in structure si varies from M. (5.75 H2O) to M. (7.67 H2O), where M 

represents the guest molecule (Ashworth et al., 1985).

Structure II gas hydrates. This is a diamond lattice within a cubic framework and forms 

when natural gases or oils contain molecules larger than ethane but smaller than pentane. 

Guest molecules are 0.56 to 0.66 r\m. Structure II represents hydrates from thermogenic 

gases, which commonly occur in hydrocarbon production and processing conditions, as 

well as in many cases of gas seeps from faults in ocean environments (Ashworth et al., 

1985). The structure formed has a cubic unit cell, with cell edge of 1.73 r|m, and contains
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136 water molecules and 24 cavities (16 small and 8 large). The composition of structure 

II can only be in a narrow range near M. (17 H2O). Structures of gas hydrates are 

different from the ordinary low-pressure hexagonal ice form (designated Ih), and show a 

more open structure than the latter (Ashworth et al., 1985).

Structure H  gas hydrates. This structure is named for its hexagonal framework. 

Structure H hydrates must have a small occupant, such as methane, nitrogen, or carbon 

dioxide for 512 and 435663 cages, but the molecules in the 51268 cage can be as large as 0.9 

rjm (Sloan, 1998).

Mechanical properties o f  hydrates. All three hydrate structures (si , sll, and sH) are 

approximately 85 mol percent water and 15 mol percent gas, if all cages are filled. The 

fact that the water content is so high suggests that the mechanical properties of the three 

hydrate structures should be similar to ice. This conclusion is true as a first 

approximation, with the exception of thermal conductivity and thermal expansivity, 

shown in Table 2.2. Structure H hydrate is the least known with many mechanical 

properties that have not yet been determined (Sloan, 1998).

Guest/cavity size ratio. The largest molecules of a gas mixture, usually determines the 

structure formed. A size ratio (guest molecule/cavity) of approximately 0.9 is necessary 

for stability of simple hydrates. When the size ratio exceeds unity, the molecules will not 

fit within the cavity and the structure will not form. When the ratio is significantly less 

than 0.9, the molecule cannot lend significant stability to the cavity. The sizes of the 

stabilizing guest molecules range between 0.35 and 0.75 r|m for all structure types. 

Below the 0.35 rim threshold, molecules will not stabilize si and above 0.75 r|m 

molecules will not fit in sll (Sloan, 1998).

Phase equilibrium properties. In the three-phase system comprised of liquid water (Lw) 

+ hydrate (H) + gas (G) hydrate stability is more sensitive to temperature than to
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pressure. The pressure and temperature at hydrate formation can be predicted by 

knowing the gas composition. This prediction is possible only for pure water systems. In 

the presence of seawater or water containing various ions, this prediction is theoretically 

possible, but much more difficult (Sloan, 1998).

Heat o f  dissociation. The heat of dissociation (AH) for si and sll is a function of the 

number of crystal hydrogen bonds, loosely taken as hydration number. The value of AH 

is relatively constant for molecules which occupy the same cavity, within a wide range of 

component sizes (Sloan, 1998).

Table 1 2  Comparison o f ice and si and sH_ hydrate properties (Sloan, 1998).
PROPERTY ICE si sll

Spectroscopic Crystallographic Unit Cell

Number of H2O molecules 4 46 136

H2O diffusion correlation time (ns) 2 2 0 240 25

H20  diffusion active energy (KJ/m) 58.1 50 50

Dielectric Constant at 273 K 94 58 58
Mechanical Properties

Isothermal Young's modulus at 268 K (109 Pa) 9.5 8.4 (est) 8 .2  (est)

Poisson’s ratio 0.33 0.33 0.33
Bulk modulus (272 K) 8 .8 5.6 N/A

Shear modulus (272 K) 3.9 2.4 N/A

Velocity ratio (comp/shear) at 272 K 1 .8 8 1.95 N/A
Thermodynamic Properties

Lineal thermal expansion (-73.15 K '1) 56 x 1 0 '6 77 x 10' 6 52 x 10' 6

Adiabatic bulk compress (-0.15 x 10 Pa) 12 14 (est) 14 (est)

Speed of sound (-0.15 km/s) 3.8 3.3 3.6
0.49 +/- 0.51 +/-

Thermal conductivity (-10.15 W/mK) 2.23
0 .0 2 0 .0 2

Hydration Number. If all eight cages in an si type hydrate are occupied by only one gas 

molecule in each cage, the hydration number would be 5.75 (46/8) water molecules per 

guest molecule. This number represents the ideal case, however this is rarely
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encountered, and usually unoccupied cages are found to exist. Studies have been 

performed which were aimed at analyzing the hydration numbers for hydrates. 

Experimental procedures have been conducted which have revealed the hydration 

numbers for carbon dioxide and methane hydrates, the ranges of these two hydrate 

structures were found to be 7.24 — 7.68 and 6.18 — 6.20, respectively (Uchida, 1999). 

These numbers suggest that methane hydrates contain more gas molecules per unit cell 

than carbon dioxide hydrates contain. This represents another challenge to developing 

hydrate reservoirs through the use of carbon dioxide sequestration. In order for the 

‘swap’ to be successful complete understandings of changing hydration numbers need to 

be known.

2.2 Gas Hydrate Formation and Dissociation

Gas hydrates have been found in all soil sediment types from coarse gravels to 

fine grained sands. Hydrate formation occurs naturally in an environment with all of the 

proper conditions of pressure, temperature, along with water and gas sources are met. It 

is often a need to synthesize hydrates in laboratory setting for studies due to the sensitive 

nature and the complex issues associated with hydrate retrieval from conventional 

sources. Dissociation of hydrates are of particular interest, there have been three methods 

used to recover gas which can be classified into the categories: depressurization, thermal 

stimulation, and inhibitor injection (Ji, et al., 2004).

2.2.1 Formation of Gas Hydrates

Under proper conditions of low temperature and high pressures, a gas molecule, 

G, will react with water to form hydrates according to the following: G +NhH20  = 

GNnFhO, where N h is the hydration number (Moridis, 2004). The sources of gas for 

methane hydrates are derived from three sources which are; methanogenic bacteria which 

release methane gas due to cellular respiration, thermogenic gas which migrates from a 

conventional free gas source through cracks or fissures, and dissolved methane gas which 

migrates through formations (Monastersky, 1996).
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Gas hydrates form at temperatures above those of pure ice formation. When pure 

water freezes the decrease in entropy is generally small, due to the ordered arraignment 

of water molecules, therefore the energy made available by the more efficient hydrogen 

bonding in ice relative to water is enough to make the net entropy change positive. 

However, when a gas hydrate is formed, there is considerable reduction in entropy 

because the gas is condensed into a small volume. This is offset by the availability of 

kinetic energy of the gas molecules, and a contribution from the Van-der Waals attraction 

between the host and guest, this can be turned into entropy in the surroundings. The 

result is that the solid can be formed at temperatures above those of the formation of pure 

ice (Makogon, 1981).

It has been proposed that there is a four step process in which hydrate formation 

occurs (Sloan, 1998). In this first step water molecules have to arrange themselves in a 

cage-like structure that partially if not totally surrounds the gas molecule. This step is the 

nucleation of the ring structure. The second step occurs when the crystal reaches critical 

size and then starts to agglomerating with the other nucleates and grows. The continued 

growth of the hydrate depends on the mass transport of the gas molecules through the gas 

hydrate to the liquid hydrate interface, step three. In the final step, heat is released after 

the hydrate forms. The rate limiting step of this process is either the mass transport of the 

gas through the hydrate layer or the dissipation of the excess heat after the formation of

the hydrate (Sloan, 1998).

Retrieving hydrate core samples for analysis is often a time consuming and 

expensive process. Laboratory methods are used to produce hydrates for experimental 

studies, these methods are often modeled to simulate the processes which occur in nature 

at appropriate temperature and pressures. Laboratory syntheses of hydrates have been 

achieved by many methods. An extensive compilation of methods and apparatuses used 

for hydrate synthesis is outlined by Sloan, chapter 6 , 1998. A typical method in which to 

synthesize hydrates starts by introducing pressurized hydrate forming gas into a sample 

chamber containing packed granular ice. Hydrate formation is promoted by increasing 

temperatures above 0° Celsius, but still within the hydrate stability zone. Samples are
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then maintained at high-pressure, high-temperature conditions and/or cycled through 0 ° 

Celsius until the remaining seed ice has been converted to hydrate. The complete 

conversion of ice to hydrate is confirmed by the absence of abrupt pressure and 

temperature increases associated with water freezing when the samples are cooled 

through 0° Celsius upon completion of synthesis (Circone et al., 2004).

2.2.2 Dissociation of Gas Hydrates

The dissociation of gas hydrates are characterized by the breakdown of the solid 

gas hydrate into its components. When hydrates dissociate, the products are the forming 

molecules; gas and water. For example, methane hydrate, which is the most commonly 

found in nature, is composed of eight methane molecules and 46 water molecules. The 

decomposition reaction can be represented by: (8 CH4 46H2O)S0iid 8 (CH4)gas +

46(H20) liquid •
One mole of 8 CH4 4 6 H2O methane hydrate weighs 2.1762 pounds (lbs), and 

occupies 0.03673 cubic feet (ft3). Therefore, the density is found to be 59.25 lb/ft . 

Upon in-situ hydrate dissociation, 46 moles of water, which occupy 0.0292 ft3, leaving 

only 0.00749 ft3 in-situ volume remaining for methane gas. At standard temperature and 

pressure conditions, 8 moles of methane gas occupy 6.3283 ft . If methane gas were 

confined without flowing, a pressure of 12,425 pounds per square inch (psi) would be 

necessary to confine it to the volume available. The dissociation process would be halted 

at such high pressures. The hydrate dissociation reaction is endothermic, which requires 

external sources of heat for dissociation. Dissociation will occur when the pressure and 

temperature conditions are brought outside of the hydrate stability zone, see Figure 2.4.

There are several existing models that have been proposed for the hydrate 

dissociation based on thermal and depressurization techniques. Thermal hydrate 

dissociation techniques have been proposed by Holder (1982), McGuire (1982), Bayles, 

et al. (1986), Selim, et al. (1987), Moridis (2002), and Swinkles, et al (1999).
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Depressurization dissociation models have been developed by Burshears, et al. (1986), 

Yousif, et al. (1988), and Ahmandi, et al. (2002).

Holder (1982) developed a thermal dissociation model to simulate the production 

of gas from a hydrate zone adjacent to a conventional gas reservoir. However, he did not 

consider the water production from hydrate dissociation. McGuire (1982) developed two 

analytical thermal models, which represented the upper and lower bounds on gas hydrate 

production. The model focused on the importance of porosity, bed thickness, and 

injection temperature. An analytical thermal model was developed by Bayles, et al. 

(1986) to predict the effects of various reservoir parameters on the energy efficiency 

ratio. Wellbore heat losses and heat losses to strata above and below the hydrate zone 

were considered. Selim, et al. (1987) studied hydrate dissociation in a semi-infinite, 

hydrate-filled porous medium. He developed an analytical thermal model using a 

continuity equation, Darcy’s Law, and energy balance equations for the dissociated and 

undissociated phases. Swinkels, et al. (1999) used a 3D, thermal finite-difference 

simulator in which the reservoir fluids were represented by three phases: gaseous, 

hydrate, and aqueous. The heat required for dissociation of hydrate was accounted for in 

the model.

Burshears, et al. (1986) used a 3D, two-phase simulator to address the questions 

regarding the feasibility of producing gas from hydrates when a conventional gas 

reservoir is in contact with a hydrate cap. He assumed that the dissociation of hydrates is 

affected by depressurization. The temperature at any point on the hydrate-gas interface 

was assumed to be the equilibrium dissociation temperature at the local pressure. Yousif, 

et al. (1988) developed a ID, three-phase numerical finite difference simulator to 

simulate gas production from hydrate in a Berea sandstone samples in the laboratory. 

Several experiments were conducted in the laboratory to validate the model. Ahmadi, et 

al. (2000) also used a ID, analytical model to describe gas production from dissociation 

of methane hydrate in a confined reservoir by depressurization. The release of water 

during dissociation was not considered. Additionally, Ullerich, et al. (1988) studied 

thermal hydrate dissociation by conducting dissociation experiments on fabricated
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hydrate samples. A mathematical model for predicting the position of the dissociation 

interface for long time periods was proposed.

2.2.3 Known Gas Hydrate Production Processes

The production of gas hydrates falls under the category of gas hydrate 

dissociation. The production processes used are based on shifting the thermodynamic 

equilibrium in a three-phase equilibrium of water-hydrate-gas. The three categories for 

hydrate dissociation include: depressurization, thermal stimulation, and inhibitor 

injection. A schematic for these processes are depicted in Figure 2.7. A fourth method 

has been proposed and is the subject of current research, the use of a H2O - C 0 2 micro

emulsion injection.

Figure 2.7 Dissociation processes fo r  gas production from hydrate zones (Collett, 1993).

Depressurization processes occur when the pressure of the fluids in contact with 

hydrates are lowered by production, this pushes the hydrate out of its stability zone and 

leads to decomposition. Depressurization is and exothermic process, therefore the heat of 

dissociation must be supplied from the surrounding formation. Studies have indicated 

that this could be the rate limiting step in the overall decomposition process (Hong and
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Darvisch., 2003, Selim, et al., 1990, Hong, et al., 2003). This method is attractive when a 

large surface area exists for heat transfer and decomposition. The success of this 

technique may rely on a large free gas zone beneath, which is believed to be happening in 

the Messoyakha gas field in Western Siberia. A typical depressurization process is 

envisioned where after having drilled through a hydrate zone and completed a well in a 

free gas zone, the gas production in the free gas zone leads to pressure reduction and 

decomposition in the hydrate layer.

Thermal injection uses the introduction of thermal energy into the hydrate 

formation in the form of heated fluids such as; steam, hot water or brine, down-hole in- 

situ combustion, or electric or electromagnetic heating. However, thermal methods are 

adversely affected by heat losses to the non-hydrate bearing formations and heat left in 

the reservoir. Experiments performed by Kamath et al. (1991) focused on the 

combination of depressurization and the injection of hot brine in porous media containing 

methane hydrates. Their results showed the increased gas rate production from the 

hydrate when injection of the hot brine was compared to depressurization. Though their 

results were promising the energy input required to heat the injecting fluid would be too 

great in large scale operations. This method poses a second concern, stabilization of 

permafrost and oceanic sediments while undergoing thermal injection would be difficult 

to maintain. These factors make thermal injection a difficult process to justify.

Inhibitor injection, such as methanol, is also considered as a production scheme. 

Injecting inhibitors cause decomposition of gas hydrates by shifting its thermodynamic- 

equilibrium. Much research has been conducted concerning inhibitor injection with 

many additives. Maede at al. (1998) showed very low results of hydrate dissociation with 

the use of glycerin, starch, and cellulose as inhibitors. Work performed by Dholabhai et 

al. (1997) on binary hydrate systems composed of CO2 and CH4 in the presence of salts, 

methanol, and ethylene glycol, showed that the equilibrium conditions shifted 

dramatically with the addition of methanol and ethylene glycol. The issues associated 

with inhibitor injection include high costs, toxicity, and expected results are not truly 

known.
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It is believed that the most economical of the three hydrate production schemes is 

depressurization (C ollett, 1998). Kamath (1998) believes that the first gas production by 

means of hydrate decomposition will utilize this technique. The formation of ice that 

accompanies the depressurization process may prove to prohibit further decomposition. 

In most cases if the depressurization process is properly designed the formation of ice 

may be avoided. In all of the proposed production schemes large volumes of water will 

be generated, requiring surface handling facilities as well as artificial lift programs if 

natural gas flow is not sustainable.

This vast resource of undeveloped hydrates has pushed researchers to develop 

techniques which may employ environmental friendly, cost effective, and efficient means 

of production. With all of the challenges posed by hydrate production this resource 

continues to boggle the brightest minds.

2.2.4 C 0 2 Injection for Gas Hydrate Dissociation

The build up of anthropogenic carbon dioxide (C 02) in the atmosphere has 

prompted researchers to look at the idea of sequestration. C0 2 has been considered the 

major culprit in the theory of global warming. This green house gas is reported to have 

the potential to increase the Earth’s temperature by 2 -  5 °C by the close of the century if 

left unchecked (Ravkin, 1994). The idea of sequestration has led the research community 

to look at injecting CO2 into deep aquifers, geological mineral trappings, and oceans at 

great depths in hopes of forming C 0 2 hydrates. These processes all hold potential in 

reducing the induced climate changes but come at an added cost with non economical 

outcomes.

The idea has been proposed that utilizes the injecting of C 0 2 into methane 

hydrates as a means of producing methane (Ohgaki et al., 1996). The idea proposed CO2 

storage method is based on data collected from phase equilibrium and thermodynamic 

studies, where C 0 2 gas would be injected in close proximity to methane hydrate bearing 

sediments thus reacting with water to form CO2 hydrate. The heat o f formation of this 

process would supply the required energy to dissociate the methane gas from these zones.
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The study showed that C 0 2 is more selectively caged into a C 0 2 -  CH4 mixed hydrate 

during formation when both gases are present. \V ork has been conducted on the heat of 

formation for this process and it was reported that the gaseous exchange process to be 

slow and extremely time consuming (White, 2003). According to White (2003) for this 

process to work efficiently, a highly concentrated amount of C 0 2 in a stabilized solution

of heat capacitance must be used.

The C 0 2 injection into a methane hydrate field would help to dissociate the 

methane and additionally sequester the injected C 0 2. Considerable work has been 

conducted on the phase equilibrium associated with C 0 2 and CH4 hydrates. C 0 2 hydrate 

is much more stable then CH4 hydrate as depicted with the lower lying stability curve in 

Figure 2.8. The area encased by the two curves represents the area of methane hydrate 

dissociation and C 0 2 hydrate stability.

Temperature, °C

 Methane Hydrate Carbon Dioxide Hydrate

Figure 2.8 Phase equilibrium fo r CH4  and CO2  hydrates.

The process of hydrate dissociation is very slow; it has been concluded that the 

injection of water with C 0 2 would be effective (Kamath et al., 1991). There has been 

further reports that injecting a C02 water micro-emulsion at a greater temperature than the
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surrounding methane hydrate formations would further the production of methane gas. 

The higher injection temperature along with the heats of emulsion and formation of C 0 2 

would provide a heat source for the further dissociation of methane hydrates (McGrail et 

al., 2004).

2.3 Methane Hydrates as Potential Environmental Hazards

Methane hydrates pose problems to the environment in multiple ways; as a 

greenhouse gas and a geohazard. Methane gas is a known greenhouse gas which has 

been proven to be 10 times more threatening to the atmosphere than carbon dioxide. The 

amount of methane trapped in hydrates is 3000 times more than the current concentration 

of the atmosphere. Potential exists such that if a slight temperature disruption to Earth's 

atmosphere occurs, the effect could trigger the decay and release of methane gas from 

hydrates into the atmosphere. The rise of methane gas concentrations in the atmosphere 

would then trigger higher temps thus causing more release of methane gas from hydrates, 

in effect turning into a runaway greenhouse effect (Ravkin, 1992).

The second potential hazard that exists with gas hydrate is the effect that a sudden 

release of gas would cause on the stability of the seafloor. The release of gas from 

seafloor deposits of hydrates would turn these areas into liquid and gas. The combination 

of these two would not support sediments and the stability would be jeopardized. This 

could cause an underwater slide of sediments causing local tsunamis and loss of 

structural stability and contribute to the concentration of methane gas in the atmosphere 

(Ravkin, 1992).

The loss of seafloor stability also has implications to the petroleum industry, the 

integrity of underwater structures such as pipelines and drilling operations may be 

effected. Pipelines may cause dissociation of hydrates in close proximity to the seafloor 

bottom through the release of heat cause by transporting hot fluids or gasses. 

Additionally as oil and gas exploration move further offshore to deeper waters, the 

process of drilling through hydrates may cause their dissociation, thus jeopardizing the 

safety and stability of the drilling operations (Ravkin, 1992).
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2.4 Review of Capillary Pressure

Capillary pressure is the property that relates the differences in pressure of 

reservoir fluids to their saturations. This property has many important consequences in 

reservoir behavior, including the height of any transition zones (oil/gas, water/oil, etc.), 

the initial distribution of reservoir fluids, and the retention of the wetting phase in the 

reservoir (Ertekin, et al., 2001). Capillary pressure in sediments is controlled by 

interfacial tension, wettability, and the pore throat size distribution. Capillary pressure 

represents the pressure required to displace a given volume of one of the phases from a 

two-phase mixture in a porous medium. Capillary pressure arises because of differences 

in the surface energy of a solid when wetted by the two or more phases in contact with it, 

also as a result of the interfacial tension existing at the interface separating two 

immiscible fluids. Capillary pressure is a function of fluid saturation and of the direction 

of change of fluid saturation, either drainage or imbibition. Capillary pressure is 

measured either by drainage or an imbibition process. The imbibition pressure 

measurements begin with the porous media saturated with the non-wetting phase. The 

porous media is connected to a reservoir containing a liquid, and pressure differences are 

recorded as the media absorbs measured volumes of this phase. Drainage pressure 

measurements start with the porous medium completely saturated with the wetting phase. 

One end of the porous media is attached to a pressurized reservoir of gas, and the 

pressure to displace a given fraction of the liquid is then measured (Laurinat, 2004).

Capillary pressures vary depending upon the types of saturations and soils. The 

relationship between the capillary pressure and the saturation changes for material with 

large pores and for consolidated materials with monolithic structures, such as many 

reservoir rocks. It is observed in materials with large pores, the most notable difference 

is that the residual wetting saturation decreases and may disappear entirely, so that the 

material drains completely. For highly consolidated materials, some pores may not be 

accessible to flow, so the overall residual saturations may be higher than the residual 

saturations in the porous fraction of the materials (Laurinat, 2004).
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Capillary pressure has been correlated as a function of the liquid saturation, 

normalized with respect to the difference between the residual non-wetting and wetting 

saturations. Most capillary pressure models utilize two parameters to relate the pressure 

to the relative saturation. The relationships typically take the form of a power law, for 

example two commonly used correlations are the Brooks and Corey and the van 

Genuchten functions (Laurinat, 2004).

2.5 van Genuchten Function

In a multiphase system, a correlation between the wetting and non-wetting phase 

saturation and the capillary pressure exists. An increase of the non-wetting phase 

saturation results in an increase in capillary pressure. If the saturation of the wetting 

phase decreases, the wetting fluid retreats to smaller pores. Thus, on a macroscopic level 

capillary pressure is a function of the wetting phase saturation (Pc = f(S w)). An analytical 

determination of the capillary pressure -  saturation relationship for porous media is 

impossible due to the irregular pore geometry. Therefore, a number of models have been 

proposed which attempt to develop a correlation between capillary pressure and 

saturation. The van Genuchten function developed in 1980, is a widely used model. 

Models, such as van Genuchten, contain parameters which account for the different pore 

size distribution and the pore space interconnectivity.

The van Genuchten function relates fluid saturation ( s t , effective total liquid

saturation and s i , effective aqueous saturation) to capillary pressure through two soil 

dependent correlation parameters. The n and m correlations for the van Genuchten 

function can be related as a function of relative permeability (White et al., 2000). The 

van Genuchten function in one of its forms is represented by Equations 1 and 2, which 

follow.

(1)

and,
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Si = 1, for < 0

5/

and,

1 + (apnl hnl)" \ m, for hnl > 0  (2 )

si = 1 , for hnl < 0

In this form a  and n represent the van Genuchten function parameters that are 

dependent upon the soils that are being considered. The parameter a, indicates the 

change in water content, small values of a  are characteristic of fine grained and 

unstructured soils, whereas large values of a  indicate solids are more prone to sudden 

drainage, such is the case with sands or well structured soils. In soils that lack structure, 

a  is determined by soil textures (Hodnett et al., 2002). The parameter n, is a 

dimensionless quantity which attempts to quantify water release from soils, a low value 

of n (< 1 .1) represents a soil that slowly and gradually releases water, whereas a large 

value of n (> 3.0) represents a soil that readily releases water (Hodnett et al., 2002). The 

m parameter is used to describe soil-water retention, and typically a value of 1 .0  is 

assigned which has been successfully utilized in many studies (van Genuchten, 1980). 

Other variables such as h„i and hg„ represent the capillary head for non-aqueous phase 

liquids/water and gas/non-aqueous phase liquids, respectively (White et al., 2000). /?g„ 

and P„i are capillary pressure scaling factors for gas/non-aqueous phase liquids and non- 

aqueous phase liquids/water, respectively (White et al., 2000).

2.6 Permeability

Permeability is a rock property which accounts for the ability of a fluid contained 

within that rock to flow within the interconnected pore network. Permeability is essential 

to the flow of fluids through reservoir rock, without it or zero permeability, fluid flow 

would not be possible within reservoirs.

There are many definitions of permeability; absolute, effective, and relative 

permeabilities. Absolute permeability refers to fluid flow through a porous medium
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when a single fluid is present. Effective permeability refers to the ability to be selective 

in which fluid is able to flow through the porous medium more readily when other 

immiscible fluids are present. Effective permeability is dependant on the relative 

saturations of the fluids present as well as the nature of the reservoir. The third 

characteristic permeability is relative permeability, this is the ration of effective 

permeability at a given saturation to the absolute permeability of the fluid at total 

saturation. Relative permeability allows for the comparison of fluids to flow when 

multiple fluids are present in porous media.

2.7 Saturation and Thermal Conductivity

The amount of moisture contained within soil plays a significant role in the 

thermal conductivity of the soil (Bayles, et al., 1997). An increase in the saturation 

results in an increase of the thermal conductivity. The thermal conductivity of a soil 

increases in three stages as the level of water saturation increases according to Bayles 

(1997). At low saturations, moisture first coats the soil particles. The gaps between the 

soil particles are not filled rapidly and thus there is a slow increase in thermal 

conductivity. When the particles are completely coated with moisture, a further increase 

in the moisture content further fills the voids between the particles. This increases the 

heat flow between the particles, resulting in a rapid increase in thermal conductivity. 

Finally, when all the voids are filled, further increasing the moisture content no longer 

increases the heat flow, and the thermal conductivity does not increase.
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CHAPTER 3 

STOMP-HYD

3.1 Introduction to STOMP-HYD

STOMP-HYD (Subsurface Transport Over Multiple Phases Hydrate) is a 

computer model which was developed by the Pacific Northwest National Laboratory 

(PNNL). The simulator was specifically designed to provide scientists and engineers 

from varied disciplines with multidimensional analysis capabilities for modeling multi- 

fluid subsurface flow and transport phenomena for gas hydrate bearing sediments. The 

fundamental purpose of the simulator is to provide numerical predictions of thermal and 

hydrological flow and transport phenomena in variably saturated subsurface 

environments. The simulator's modeling capabilities address a variety of subsurface 

environments, including non-isothermal conditions, fractured media, multiple-phase 

systems, non-wetting fluid entrapment, soil freezing conditions, supercritical carbon 

dioxide, non-aqueous phase liquids, chemical reactions, radioactive decay, solute 

transport, dense brines, gas hydrates, non-equilibrium dissolution, surfactants, and multi

fluid wells (White and Oostrom, 2003). The phases that STOMP-HYD has the capability 

to recognize are aqueous, gas, ice, gas hydrate, and solids. The components contained in 

STOMP-HYD are water, air, oil, salt, carbon dioxide, methane dilute solutes, and 

reactive solutes. The version that was used to analyze the effects of capillary pressure on 

gas hydrate production was modified to include parameters and functions which pertain 

to gas hydrates. The task of developing STOMP-HYD and performing code upkeep is 

the duty of Mark White, a hydrology engineer at PNNL.

The STOMP-HYD simulator solves partial-differential equations that describe the 

conservation of mass or energy quantities by employing integrated-volume finite- 

difference discretization to the physical domain and backward Euler discretization to the 

time domain. The resulting equations are nonlinear coupled algebraic equations, which 

are solved using Newton-Raphson iteration. The simulator was written with a variable
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source code that allows the user to choose the solved governing equations. Input is 

directed through semi-formatted text files and output is available through a variety of 

user-directed formats. The Theory Guide and User’s Guide provide detailed explanations 

to the equations and solving techniques that are employed in the coding. If the reader is 

interested in the theory and development of the simulator they are encouraged to read the 

Theory and User Guides which provide detailed explanations and will not be discussed 

here.

3.2 STOMP-HYD Input and Boundary Conditions Cards

The STOMP-HYD input card allows the user to assign starting values to both 

primary and secondary field variables. The STOMP-HYD simulator is controlled 

through a text file, which must be entitled input for proper execution. This input file has a 

structured format composed of cards, which contain associated groups of input data. A 

STOMP-HYD input file is composed of cards, some of which are required and others 

which are optional or unused. The number of required cards depends on the operational 

mode. For a comprehensive explanation of the input cards it is suggested that the reader 

refer to the STOMP User Guide (White, et al., 2003). For further review, the input files 

are located in Appendices A -  D for the various simulation trials that were conducted.

The simulator also recognizes a number of boundary condition types and allows 

specification both internally and externally to the computational domain (White et al., 

2000). This card allows the user to control the simulation by defining time varying 

boundary conditions. This card is optional, but is generally necessary to simulate a 

particular problem. Boundary conditions may be applied to any boundary surface or 

surface dividing active and inactive nodes. By default all undeclared boundary surfaces 

are zero flux boundary conditions for both flow and transport. Boundary conditions are 

time varying. The user is not allowed to assign multiple boundary conditions to a 

boundary surface during the same time period, but multiple boundary conditions can be 

applied to a boundary surface over different time periods. The simulator controls time 

steps to agree with time transitions in boundary conditions. For a comprehensive
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examination of the boundary conditions card the STOMP User Guide provides a great 

resource (White, et al., 2003).

3.3 Output Control Card

This card allows the user to control output variables which are written to the 

output file. The output file contains an interpreted and reformatted version of the input 

and simulation results for selected variables at selected reference nodes over the 

simulation period. The output file comprises the reference node variable results versus 

simulation time and/or time step. Reference node output is generated by selecting 

reference nodes and output variables. The output control card allows the user to request 

any number of reference nodes. Reference node output was primarily designed for 

tracking the time evolution of selected variables at key nodes of interest (White, et al., 

2003). It is through this output control card that key variables of interest are extracted for 

examination. For a comprehensive examination of the output control card the STOMP 

User Guide provides a great resource (White, et al., 2003).
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CHAPTER 4 

SIMULATION PROBLEM STATEMENTS

4.1 General Problem Description

The STOMP-HYD code was compiled for the thermal, depressurization, 

thermal/depressurization, and C 0 2 micro-emulsion recovery cases. Compiling the code 

was undertaken through the University of Alaska, Fairbanks Arctic Regions 

Supercomputing Center’s (ARSC) iceflyer system which was equipped with a Fortran 

code compiler. Iceflyer is an IBM Regatta P650 with 16 GB of memory which has a 

primary purpose of supporting environmental and scientific studies of the high latitudes 

and the arctic by providing the ability to run compute-intensive simulations and data- 

reduction tasks.

During the course of compiling and executing the code there were a number of 

variables that remained constant. Variables that were common to the different types of 

methane gas production included grid number and sizes, simulation times (duration and 

time-steps), saturations, as well as rock and fluid properties (porosity and permeability). 

The geometry of the system remained constant for the five problems that were assessed. 

The problems were simulated using a 1-dimensional Cartesian grid. The grid consisted 

of a 30 x 1 x 1 (x, y, z) system which measured 1.5m x lm x lm  with a volume of 1.5 m3, 

the grid system description is shown in Figure 4.1. The grid size was chosen such that it 

is a “scaled” version of a more complex hydrate reservoir which would occur in nature. 

The intent of utilizing this grid system was for simplicity reasons, the small grid system 

contained the necessary characteristics such that results would be achieved without 

extraneous simulation times. The smaller grid system allowed for quick and meaningful 

simulations that achieved the desired outcomes in a scaled back manner. The top and 

bottom as well as the east and west boundaries of the grid blocks corresponded to 

constant temperature no flow boundaries except in the case of injection and production 

wells. The geometry is based on an earlier study conducted by White, M. D., (2005).
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Figure 4.1 Grid system used fo r  simulation trials.

The porosity of the system was held constant throughout the duration of the 

simulation cases at 30.0%. Other parameters that were not changed during the course of 

simulation were the initial pressure of the system (8  MPa), the permeability (0.3 Darcy), 

pore compressibility (5.0 x 10"9 Pa'1), grain density (2600 kg/m3), initial hydrate phase 

saturation (50.0%), initial aqueous phase saturation (50.0%), initial gas phase saturation 

(0%), hydrate molecular exchange rate (1.34 x 10' 4 s '1), kinetic rate of hydrate formation/ 

dissociation (0.008 s '1), permeability in the x, y , and z directions (0.3 Darcy, 0.3 Darcy, 

and 0.3 Darcy respectively), residual aqueous saturation (0.12), residual gas saturation 

(0 .0 2 ), aqueous -  gas interfacial tension (72 dynes/cm), liquid CO2 -  aqueous interfacial 

tension (24 dynes/cm), hydrate -  aqueous interfacial tension (26.7 dynes/cm), and the 

cross sectional area (1 m2). Initially, permeability of the system is low due to hydrates 

occupying pores, however as dissociation occurs the permeability increases due to the 

available free space that hydrates once occupied, the values of permeability are used 

correspond to this situation. Initial free gas saturation is equal to zero since all gas is in 

the form of hydrates. The basis of the problem statements originated from conversations 

with the code developer Dr. Mark White. Other constraints that were common to the 

simulations included; number of execution periods, execution start time, execution stop 

time, initial time step, maximum time step, time step acceleration factor, maximum 

number of Newton-Rhapson iterations, maximum convergence residual, and the 

maximum number of time steps, Table 4.1 contains these values that were common
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through out the simulation trials. The simulation was allowed to run for 63 days, this is a 

large amount of time for a small grid volume. The basis of allowing the simulation to run 

for such a long time was to allow for adequate time such that the system was allowed to 

reach equilibrium throughout thus ensuring complete dissociation of CH4 and formation 

of CO2 hydrates where appropriate. Initial system temperatures were modified between 

various trial runs. The intentions of altering the initial system temperature was to assess 

the capillary pressure effect during the depressurization simulations that are associated 

with the formation of ice and the lack of ice formation during the depressurization 

recovery techniques. Variations in initial temperatures for the two different 

depressurization trials are based on the pressure-temperature plot of gas hydrates. Higher 

initial reservoir temperature with a greater pressure allows for hydrate stability, when 

depressurization proceeds the temperature pressure relationship is in the region such that 

ice does not form upon methane hydrate dissociation. The opposite holds true for the 

depressurization case with ice formation, the lower temperature and pressure upon 

depressurization allows for ice formation leading to methane hydrate dissociation.

Table 4.1 Constant simulation variables.
Parameter Value

Number of execution periods 1

Execution start time 0  day
Execution stop time 63 days

Initial time step 0 .1  seconds
Maximum time step 0 .1  day

Time step acceleration factor 1.25
Maximum Newton iterations 8

Maximum convergence residual 1 x 1 0 '6

Maximum number of time steps 1 x 1 0 6

Five different soil types were used to represent soils ranging from coarse to fine 

grains, van Genuchten parameters a  and n were the primary variables of interest for the 

five different soil types. The intent of using the van Genuchten parameters corresponding 

to the five soils is to provide a range of results that would be representative of different
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soil retention characteristics leading to a range of capillary pressures. The soil types that 

were assessed in the problem cases vary in terms of their van Genuchten hydraulic 

properties. The intent of varied hydraulic parameters is to characterize what role 

capillary pressures are invoking in gas hydrate production. The five soil types that are 

assessed contain different hydraulic parameters, therefore a range of capillary pressure 

and gas saturations result, indicating what role capillary pressure plays in methane gas 

production. The five soil types that were assessed which represent hydrate bearing 

sediments include; sand, sandy loam, loam, clay loam, and clay, van Genuchten 

hydraulic parameters for the five soil types were adapted from Hodnett, et al., (2002). 

Table 4.2 contains the van Genuchten parameters for the five soil types that were 

assessed in these simulation cases. The a  and n parameters were specifically inserted 

into the input saturation function card for code compiling. Residual soil saturations are 

also soil specific, however these values can only be obtained through curve fitting, of 

which Hodnett, et al. (2002) present in their paper, soil saturation were not a primary 

concern in assessing the affect of methane gas production due to capillary forces. 

Saturated soil saturation, Ss, also seen in Table 4.2 are soil specific parameters which can 

directly be measure, it is presented here but is not used during the simulation cases 

(Hodnett, et al., 2002).

Table 4.2 van Genuchten soil parameters.
Soil Texture Type a, m ' 1 n Ss, m3/mJ Sr, m3/m3

Sand 1.45 2.681 0.430 0.045
Sandy Loam 0.75 1.890 0.410 0.065

Loam 0.36 1.560 0.430 0.078
Clay Loam 0 .2 0 1.311 0.410 0.095

Clay 0.08 1.901 0.380 0.068

A number of key modeling assumptions are made in the simulation efforts. The 

assumptions were adopted from prior work conducted with the STOMP-HYD simulator 

by the University of Alaska Fairbanks, PNNL, and BP Exploration Alaska (2005). The 

modeling assumptions include:
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• the distribution of coexisting gas, hydrate and aqueous phases in the pores are at 

thermodynamic equilibrium,

• aqueous phase is completely wetting to the pores surfaces,

• gas is completely non-wetting to the pore surfaces,

• there are no hydrate-gas or hydrate-solid interfaces,

• the hydrate -  aqueous interface is defined by hydrate -  aqueous capillary

pressures and surface tension,

• the hydrate -  aqueous phase interfacial tension is less than the interfacial tension 

of the gas -  aqueous phase,

• gas hydrate -  aqueous phase interfacial tensions are assumed to be equal to the ice 

-  aqueous phase interfacial tensions.

It is noteworthy to mention that only characteristic soil parameters a  and n were 

altered, not the properties relating to each individual soil. Other properties relating to 

each soil type were left unaltered. Again the intent of only varying the a  and n van 

Genuchten parameters were to create a range of capillary pressure to observe what impact 

they would impart on methane gas production. It was not the intent of this simulation 

research to determine which soils would impact higher or lower capillary pressures thus 

resulting in more favorable methane gas recovery.

4.2 STOMP-HYD Output Variables of Interest

To assess the impact that the role capillary pressure forces play in the dissociation 

of methane hydrates and the production of methane gas, a number of variables were 

examined. The variables that were extracted for assessment from the STOMP-HYD 

output file included; aqueous phase pressure, gas phase pressure, gas saturation, hydrate 

saturation, aqueous saturation, and cumulative CH4 gas produced. The output file does 

not directly contain the capillary pressure of the system, however, through the van 

Genuchten moisture retention properties STOMP-HYD computes phase saturations and 

as a result the aqueous phase pressures and the gas phase pressures. Knowing the
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aqueous and gas phase pressures the capillary pressure within the system can be 

calculated. Conventionally in petroleum engineering applications capillary pressure is 

computed as the difference of the non-wetting and wetting phases pressures. Therefore, in 

this system capillary pressure is calculated as the difference in reservoir pressures of the 

non-aqueous (gas phase) and aqueous phase, Equation 4.1 illustrates the calculation of 

capillary pressure.

Pc,MPa = ( Pgas,MPa -  Paq,MPa) (4.1)

Variables of interest were; temperatures, CH4 gas production, gas saturation, 

aqueous saturation, hydrate saturation, and capillary pressure. These variables were 

extracted from the output files at various times throughout the course of simulation for 

the four stimulation methods using the five soil specific van Genuchten parameters. The 

variables were reported at different times over the length of the system.

4.3 Thermal Hydrate Dissociation in a 1-D Domain

Thermal dissociation of methane gas hydrate is accomplished through the 

injection of water at an elevated temperature. ‘Hot’ water is injected into grid block 1,1,

1 and production commences in grid block 30, 1, 1. Flow through the reservoir is 

assumed to transpire from the western most grid block ( 1 , 1 , 1) to the eastern most grid 

block (30, 1, 1). The top and bottom boundaries of the reservoir act as zero-flux 

boundaries. The temperature of the injected water is 45 °C whereas the initial 

temperature of the hydrate reservoir is at 2 °C. The elevate injection temperature allows 

for the decomposition of the methane gas hydrates which allows for the methane gas to 

be released and hence the production of methane gas. Additionally the injection pressure 

is increased to ensure that ‘hot’ water flows into the reservoir. The different soil classes 

were analyzed by manipulating the input file to contain the respective a  and n values. 

The description of the input file variables that were considered are presented in the
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following outline. The thermal input card used for hydrate dissociation in a 1-D domain 

is contained in Appendix A.

I. Domain Description
1 -D Cartesian system: L x W x H = 1.5m x 1,0m x 1.0 m 
Grid Discretization: 30 x 1 x 1 (x, y, z)

Uniform Ax = 0.05m each; Ay = Az = 1,0m

II. Initial Conditions
Pressure: P, = 8 MPa
Temperature: T, = 2 °C
Saturations: S h = 0.5, SA = 0.5, Sc = 0 .0

III. Boundary Conditions
At x = 0: Constant Sa = 1.0

Constant Po = 8.5 MPa 
Constant To = 45 °C
CO2 Injection Concentration: N/A
CO2 Injection Temperature: N/A
Injection Pressure: 8.5 MPa
Injection Temperature: 45 °C

At x = Xmax: Constant Sa = 1 .0

Constant Pq = Pt = 8 MPa 
Constant To = 2 °C 
CH4 Gas Flux, kg/hr

IV. Medium Properties

Soil Properties 
Type I: a  = 1.45 m' 

n = 2.681

Type II:

Type III:

a  = 0.75 m 
n =  1.890

-1

a  = 0.36 m 
n =  1.560

-1

Type IV: a  = 0 .2 0  m"1 

n = 1.311
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Type V: a  = 0.08 m ' 1 

n =  1.091

Hydraulic Properties
Permeability:
Porosity:
Pore compressibility: 
Grain density:

k = 0.3 Darcy 
<j)= 0.3
/?= 5 .0 x l0 ' 9 Pa' 1 

Pr = 2600 kg/m3

4.4 Depressurization Hydrate Dissociation in a 1-D Domain (No Ice Formers)

Depressurization of methane gas hydrates to a pressure above the quadruple point 

(point at which ice, water, gas, and hydrate are simultaneously present) is accomplished 

through the process of lowering the pressure in grid block (1, 1, 1). The initial system 

pressure is set to 8.0 MPa throughout all 30 grid blocks; the pressure is then reduced to

2.8 MPa at production grid block (1, 1, 1). This depressurization allows for the hydrates 

to dissociate at the given reservoir temperature of 6  °C. Hydrates are not stable at this 

temperature and pressure in accordance to the hydrate stability curve, therefore 

decomposition of hydrates and production of CH4 gas ensues. The different soil classes 

were analyzed by manipulating the input file to contain the respective a  and n values. 

The description of the input file variables that were considered is presented in the 

following outline, the domain as well as the soil and hydraulic properties remain the same 

as the thermal stimulation case. The top and bottom boundaries of the reservoir act as 

zero-flux boundaries. The depressurization input card for hydrate dissociation without 

ice formers in a 1-D domain is contained in Appendix B.

I. Initial Conditions
Pressure: P , = 8.0 MPa
Temperature: T, -  6  °C
Saturations: Sh = 0.5, Sa = 0.5, Sg = 0 .0

II. Boundary Conditions
At x = 0: Constant 5^ = 1.0

Constant P0 = 8 .0  MPa 
Constant To = 6  °C
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CO2 Injection Concentration: N/A
CO2 Injection Temperature: N/A
Depressurization Pressure: 2.8 MPa
Injection Temperature: N/A
CH4 Gas Flux, kg/hr

At x = X max\ Constant Sa ~ 1.0
Constant Po -  Pi -  8  MPa 
Constant To -  6  °C 

(Depressurization to a pressure above the Q-point, no ice formation)

4.5 Depressurization Hydrate Dissociation in a 1-D Domain (With Ice Formers)

Depressurization of methane gas hydrates to a pressure below the quadruple point 

(point at which ice, water, gas, and hydrate are simultaneously present) is accomplished 

through the process of lowering the pressure in grid block (1, 1, 1). The initial system 

pressure is set to 8.0 MPa throughout all 30 grid blocks; the pressure is then reduced to

0.5 MPa. This depressurization allows for the hydrates to dissociate at the given 

reservoir pressure of 6  °C. Hydrates are not stable at this temperature and pressure in 

accordance to the hydrate stability curve, therefore decomposition of hydrates and 

production of CH4 gas ensues. Water is able to form ice at the temperatures and 

pressures that are encountered in this system since the pressure that is targeted represents 

a pressure lower than the quadruple point. The different soil specific parameters were 

analyzed by manipulating the input file to contain the respective a  and n values. The 

description of the input file variables that were considered is presented in the following 

outline, the domain as well as the soil and hydraulic properties remain the same as the 

thermal stimulation case. The top and bottom boundaries of the reservoir act as zero-flux

boundaries. The depressurization input card for hydrate dissociation without ice formers

in a 1-D domain is contained in Appendix C.

I. Initial Conditions
Pressure: Pj = 8 MPa
Temperature: T, = 6  °C
Saturations: Sh = 0.5, SA = 0.5, Sg = 0.0

II. Boundary Conditions
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At x = 0: Constant Sa = 1.0
Constant Pq = 8.0 MPa 
Constant To = 6  °C
CO2 Injection Concentration: N/A
CO2 Injection Temperature: N/A
Depressurization Pressure: 0.5 MPa
Injection Temperature: N/A
CH4 Gas Flux, kg/hr

At x = Xmax: Constant SA -  1.0
Constant Pq = Pj = 8.0 MPa 
Constant To = 6  °C

(Depressurization to a pressure below the Q-point, leading to ice formation)

4.6 CO2 Micro-Emulsion Stimulation in a 1-D Domain

The role of capillary pressure forces which result due to CO2 micro-emulsion 

injection was the final stimulation technique that was investigated. A ‘slurry’ of liquid 

CO2 and water at a temperature of 15.0 °C and a concentration of 15.0% CO2 by volume 

was injected into grid block 1 , 1 , 1 . Temperatures and CO2 concentrations were based 

on collaborative research between UAF, PNNL, and BP Exploration Alaska showing that 

micro-emulsion injection temperatures greater than 2 0 .0  °C are not favorable and CO2 

concentrations ranging from 30.0% - 50.0% offer greatest results (Zhu, 2005). Initial 

simulations considering 40.0% CO2 concentrations resulted in incomplete simulations, as 

a result the initial concentration was lower to achieve simulations that would execute 

properly. Additionally if the CO2 micro-emulsion is injected into the reservoir at 

temperatures greater that the critical point (31°C) the slurry will be composed of gaseous 

CO2 and liquid water, therefore the temperature is kept below this value. Methane gas 

production then ensues at grid block 30, 1,1. The initial system pressure and temperature 

were set to 8.0 MPa and 2.0 °C respectively throughout all 30 grid blocks. As simulation 

begins the micro-emulsion mixture of C 0 2 and water is injected into its respective grid 

block at a pressure of 8.5 MPa to create a pressure gradient which will overcome the 

reservoir pressure allowing the micro-emulsion to flow into the reservoir. The injection 

of CO2 into the hydrate reservoir allows for an equilibrium exchange to occur between 

the methane hydrates which give up methane gas and the formation of CO2 hydrates
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which encapsulate CO2 gas, thus allowing for CO2 gas sequestration. The different soil 

specific parameters were analyzed by manipulating the input file to contain the respective 

a  and n values. The description of the input file variables that were considered is 

presented in the following outline, the domain as well as the soil and hydraulic properties 

remain the same as the thermal stimulation case. The top and bottom boundaries of the 

reservoir act as zero-flux boundaries. The CO2 micro-emulsion injection input card for 

hydrate dissociation a 1-D domain is contained in Appendix D.

I. Initial Conditions
Pressure: P, = 8 MPa
Temperature: Tt = 2 °C
Saturations: Sh = 0.5, Sa = 0.5, Sg = 0.0

II. Boundary Conditions
At x = 0: Constant Sa = 1.0

Constant Po = 8.5 MPa
Constant To -  15 °C
CO2 Injection Concentration: 
CO2 Injection Temperature: 
Injection Pressure:
Injection Temperature:

8.5 MPa 
15 °C

15.0% 
15 °C

At x = X max: Constant Sa = 1.0
Constant Po = P, = 8 MPa 
Constant To = 2 °C 
CH4 Gas Flux, kg/hr
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CHAPTER 5 

RESULTS AND DISCUSSION

In this chapter, results of the various simulations trials are presented. In the 

following sections, a discussion of the results obtained for the four hydrate stimulation 

cases (thermal, depressurization above the Q-point, depressurization below the Q-point, 

and CO2 micro-emulsion injection) by varying the capillary force parameters are 

presented with their effects on CH4 gas recovery. It is again noteworthy to mention that 

only the van Genuchten parameters were altered in the four stimulation cases, the sole 

purpose of altering these parameters was to gain an understanding of what role capillary 

forces play in the recovery of CH4 gas. The soil type properties (porosity, permeability, 

density, thermal conductivity, etc.) that these van Genuchten parameters represent (i.e., 

Sand, Sandy Loam, Loam, Clay Loam, and Clay) were not considered in this simulation 

study, the van Genuchten parameters were the primary concern due to their direct 

influence on capillary force.

A review of van Genuchten parameters is essential before the results of this study 

are presented as a thorough understanding will better equip the reader for the presented 

material. Recall, large values of a  correspond to larger pores with more structure and are 

synonymous with soils that undergo sudden changes in water content, where as, small 

values of a  indicate soils with little change in water content, representing fine grained 

and unstructured soils. Large values of n correspond to a rapid decrease in water content 

and small values of n indicate very gradual changes in water content. The van Genuchten 

parameters that were incorporated in this simulation study are presented in Table 5.1, 

note that the order in which they are presented follows the order of decreasing ability to 

release water. As a result if this decreasing ability to release water, greater capillary 

pressures should result.
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Table 5.1 van Genuchten parameters used in study.

a  = 1.45 m ' 1 and n = 2.681 
a: = 0.75 m ' 1 and n=  1.89 
a  = 0.36 m ' 1 and /? = 1.56 
a=  0.20 m ' 1 and n=  1.331 
a=  0.08 m ' 1 and n=  1.091

To minimize the quantity of graphs that are present, yet still achieve the desired 

level of explanation only certain graphs pertaining to each stimulation trial are presented, 

these graphs contain features which are similar in nature to the other graphs. There were 

thirteen instances during the course of simulation that data was collected and plotted for 

five different variables for each of the four stimulation trials, as a result over 260 graphs 

were constructed to determine the effect of capillary pressure on CH4 gas recovery. To 

minimize reader frustration graphs representing characteristics and features which were 

common to all graphs are presented in the upcoming sections.

5.1 Thermal Hydrate Dissociation in a 1-D Domain

Thermal hydrate dissociation occurred when ‘hot’ water, at 45°C, was injected

into grid block 1, 1, 1 at a pressure of 8.5 MPa, with CH4 gas production ensuing at grid

block 30, 1, 1. Four cases representing varying van Genuchten parameters were 

examined to determine what role capillary forces impose on CH4 gas recovery from 

hydrate bearing porous media using a thermal recovery technique. The four cases that 

were examined included the following a  and n parameters: a  = 1.45 m ' 1 and n = 2.681, a  

= 0.75 m ' 1 and n = 1.89, a  = 0.36 m ' 1 and n = 1.56, and finally a  = 0.20 m ' 1 and n = 

1.331.
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Figure 1 represents the cumulative CH4 gas produced over the allotted simulation 

time of 63 days. The simulation is allowed to run for 63 days allowing for sufficient time 

to achieve complete hydrate dissociation throughout the domain. Overall, Figure 5.1 

illustrates that smaller values of the a  and n van Genuchten parameters result in CH4 gas 

being produced sooner than do the larger van Genuchten parameters, the cumulative CH4 

gas produced is negligible between the different cases. As a result complete dissociation 

of in-situ hydrates are seen sooner with the smaller values of a  and n. Figure 5.1 

suggests that capillary forces are playing a role in the production mechanism for the 

thermal stimulation of gas hydrates.

Capillary pressure responses to the varying van Genuchten parameters are 

presented at 1 hour, 2 days, and 6  days in Figures 5.2 - 5.4, respectively. These figures 

represent different times throughout the course of simulation, and are characteristic of the 

other times data was collected during the simulation.

Figures 5.2 - 5.4 illustrate that larger capillary forces are experienced with smaller 

van Genuchten parameters, corresponding to a higher retention of water. Smaller
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capillary forces are experienced with larger van Genuchten parameters, corresponding to 

a smaller retention of water. In Figure 5.4, the capillary curve corresponding to values of 

a  = 0 .2 0  m 1 and n = 1.331 does not appear, this is explained by the system reaching 

ambient injection temperature, 45 °C. At 6  days, when a  = 0.20 m ' 1 and n = 1.331, 

complete hydrate dissociation has occurred, this is illustrated in Figure 5.13, the gas 

saturation has reached 0%, seen in Figure 5.16, and the aqueous saturation has reach 

100%, seen in Figure 5.7.

However, the capillary pressure plots do not tell the complete story of what is 

occurring within the system, allowing for smaller van Genuchten parameters to exhibit a 

quicker response to CH* gas production. Capillary pressure, being a function of 

saturation is affected by the aqueous saturations within the soil. Figures 5.5 - 5.7 

correspond to the aqueous saturation for the cases describing the differing van Genuchten 

parameters. Figures 5.5 - 5.7 illustrate that lower values a  and n exhibit greater aqueous 

saturations, this is due to the greater capillary forces that are acting within the soils.

Capillary forces are allowing for greater aqueous saturations in the soil for 

corresponding lower values a  and n. Becker, et. al., (1997) have studied soils with 

varying moisture content to determine what impact saturation imparts on overall thermal 

conductivity. The study concluded that higher liquid saturations result in higher soil 

thermal conductivities. Figures 5.5 through 5.7 illustrated, due to high capillary force, 

soils with small values of a  and n exhibiting higher aqueous saturations. Figures 5.8 

through 5.10 include the temperature profiles for 1 hour, 2 days, and 6  days, respectively.
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Figure 5.2 Thermal stimulation capillary pressure at 1 hour.

Figure 5.3 Thermal stimulation capillary pressure at 2 days.
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Figure 5.4 Thermal stimulation capillary pressure at 6  days.

Figure 5.5 Thermal stimulation aqueous saturation profile at 1 hour.
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Thermal Stimulation Aqueous Saturation (2 days)

x Distance, m

Figure 5. 6  Thermal stimulation aqueous saturation profile at 2 days.

Thermal Stimulation Aqueous Saturation (6 days)

x Distance, m

Figure 5. 7 Thermal stimulation aqueous saturation profile at 6 days.
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Due to the higher aqueous saturations of the soils with smaller values of a  and n 

heat is transferred more effectively. In Figure 5.8, at 1 hour, the various van Genuchten 

parameters do not exhibit distinct temperature profiles. However, it is seen in Figures 5.9 

and 5.10 that a trend is being developed where lower values of a  and n are exhibiting 

higher temperatures further from the injection well. In Figure 5.10, for «=0.20 m’1 and n 

= 1.311, the temperature has reached the injection temperature across the entire domain, 

this corresponds to Figure 5.7 where the aqueous saturation has reach 100%.

Figures 5.11 - 5.13 contain the hydrate saturation profiles for 1 hour, 2 days, and 

6  days, respectively. Figure 5.11, at 1 hour, the injection temperature influences the 

reservoir temperature and hydrates begin to dissociate, however there is an increase in 

hydrate saturation which is greater than the initial saturation of 50% at a distance of
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Figure 5.9 Thermal stimulation temperature profile at 2 days.

Figure 5.10 Thermal stimulation temperature profile at 6 days.
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Thermal Stimulation Hydrate Saturation (2 days)

x Distance, m

Figure 5.12 Thermal stimulation hydrate saturation at 2 days.
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Thermal Stimulation Hydrate Saturation (6 days)

-------a = 1.45, n = 2.681
........a = 0.75, n = 1.89

a =

CDCOO

n = 1.56
a = 0.20, n = 1.311

-------a = 0 0 00 n = 1.091

x Distance, m

Figure 5.13 Thermal stimulation hydrate saturation at 6  days.

approximately 0.05 m < x < 0.15 m. At this location, hydrates are forming ahead of the 

thermal injection front, with the availability of free gas resulting from the dissociation of 

hydrates and additional water, additional hydrates are able to form at a suitable 

temperature and pressure. In Figure 5.5 the aqueous saturation is seen to decrease, 

corresponding to its use in the hydrate forming process.

The gas saturation profiles for 1 hour, 2 days, and 6  days are presented in Figures 

5.14 through 5.16. These figures illustrate that the larger values of a  and n generally 

show higher gas saturations closer to the injection well. At distances closer to the 

production well, it is observed that the smaller values of a  and n show a gas saturation 

which appears sooner, this corresponds to Figure 5.1, the cumulative CH4 gas production 

which illustrated smaller values of a  and n experience production before larger values of 

a  and n.
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5.2 Depressurization Hydrate Dissociation in a 1-D Domain (No Ice Formers)

Depressurization without ice formation also known as depressurization above the 

Q-point occurred when the reservoir pressure of 8 MPa was reduced to 2.8 MPa in 

production grid block 1 , 1 , 1 .  At a pressure of 2.8 MPa and reservoir temperature of 6  

°C, water resulting from hydrate dissociation is unable to form ice. The five cases of 

differing van Genuchten parameters which were presented in Table 5.1 were examined to 

determine what effect capillary forces impose on CH4 gas recovery from hydrate bearing 

formations utilizing a depressurization technique.

The cumulative CH4 gas produced for this system is shown in Figure 5.17. From 

Figure 5.17 it is observed that smaller values of a  and n produce gas sooner than larger 

values, however the difference is very minimal for all cases except when a  =0.08 m ' 1 

and n = 1.091. Figure 5.18 is a scaled version of Figure 5.17, it is seen that four cases 

have very similar production characteristics and yield a cumulative gas produced which is 

nearly identical, the case when a  = 0.08 m ' 1 and n=  1.091 is the exception.
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Figure 5.18 Cumulative CH4 gas produced fo r  depressurization above the Q-point
(10 hours).

Figures 5.17 and 5.18 shows a  -  0.08 and n = 1.091 has produced more CH4 gas 

than the other four cases. Figures 5 .19-5 .21  contain the capillary pressure responses for 

each case at 0.25 hours, 1 hour, and 1 day. These figures are typical plots that were 

obtained throughout the course of the simulation, they contain the same features and 

characteristics, 0.25 hours, 1 hour, and 1 day were chosen in an attempt to describe the 

nature of the system. These figures illustrate that for small values of a  and n larger 

capillary pressure forces result. Figures 5.19 -  5.21 coincide with the definitions of a  

and n values, high values correspond to little moisture retention and small values 

correspond to higher soil moisture retention. Figures 5.22 -  5.24 illustrate the aqueous 

saturations for the chosen times for the five differing cases. These figures illustrate, at 

increased times, the aqueous saturations are greater for smaller a  and n values. Figure

5.22 shows that at 0.25 hours the aqueous saturations are very similar and virtually 

undistinguishable at this time, however when time increases, Figures 5.23 and 5.24, it is 

seen where smaller a  and n values resulted in greater aqueous saturations.
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The gas saturations for the five cases of varying van Genuchten parameters are 

presented in Figures 5.25 -  5.27, for 0.25 hours, 1 hour, and 1 day. Except for Figure 

5.25, at 0.25 hours, a pattern is developed which shows smaller values of a  and n 

resulting in smaller gas saturations. What is seen in Figure 5.25 is at distances near the 

wellbore (corresponding to x = 0  m) the gas saturations tend to drop, due to production, 

and at distances away from the wellbore gas saturations are increasing, due to 

dissociation of hydrates. A wave is formed where hydrates are seen to dissociate and 

thus gas saturations are increasing, in Figure 5.26 it is seen that gas saturations reach 

approximately 1 2 % a distances away from the well, with saturations decreasing near the 

production well. As 1 day is reached, Figure 5.27, the gas saturations which were at 

approximately 1 2 % begin to decrease with smaller values of a  and n showing smaller 

saturations. This is linked backed to Figure 5.17 and 5.18 which show smaller values of 

a  and n resulting in production slightly sooner than larger values.
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Figures 5.28 -  5.30 illustrate the hydrate saturations for 0.25 hours, 1 hour, and 1 

day. The initial hydrate saturation of 50% is seen in Figure 5.28, however at this time it 

is seen that the hydrate saturation at distances near the production well begin to decease 

due to the effects of depressurization. As time increases to 1 hour and 1 day, Figures 

5.29 and 5.30, the hydrate saturation throughout the system has decreased. This 

corresponds with Figures 5.26 and 5.27 illustrating an increase in gas saturation, and 

Figures 5.23 and 5.24 illustrating an increase in aqueous saturation.

The temperature profiles for 0.25 hours, 1 hour, and 1 day are shown in Figures 

5.31 -  5.33. In Figure 5.31 it is seen that the initial temperature of 6  °C is reduced near 

the production well (at x = 0  m) as a result of the pressure being reduced, as time 

increases the temperature further decreases. The decrease in temperature is a result of 

decreased pressure, the hydrates are able to maintain stability at this combination of 

pressure and temperature. A clear distinction is made between a  = 0.08 m ' 1 and n = 

1.091 against the four other cases. This illustrates that temperature is able to transmit 

better through soils with smaller values of a  and n. As a result of hydrates dissociating 

(Figures 5.28 -  5.30) temperature in the system further decreases since dissociation is an 

endothermic process.
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5.3 Depressurization Hydrate Dissociation in a 1-D Domain (With Ice Formers)

Depressurization with ice formation also known as depressurization below the Q- 

point occurred when the initial pressure of the reservoir, 8 MPa, was reduced at the 

production well (1, 1, 1) to 0.5 MPa. The initial reservoir temperature is 6  °C, the free 

water has the ability to form ice at this temperature and pressure. The five cases of 

varying van Genuchten parameters which were presented in Table 5.1 were examined to 

determine what effect capillary forces impose on CH4 recovery from hydrate bearing 

formations utilizing this depressurization technique.

The cumulative CH4 gas produced for this system is shown in Figure 5.34. The 

CH4 gas which is produced for the five cases occurs within a short time of reducing the 

pressure at the production well. At approximately 5 hours, the system has reached a state 

of equilibrium where no more gas production occurs. If Figure 5.34 is limited to time 

less than 1 hour, see Figure 5.35, it is observed that small values of a  and n yield CH4 gas 

sooner than larger values of a  and n. Dissociation of hydrates occurs slightly sooner for 

smaller values of a  and n, however the system reaches maximum hydrate dissociation at 

approximately the same time, the exception being the case where a  -  0.08 m ' 1 and n = 

1.091.

Capillary pressure responses for the varying van Genuchten parameters are 

presented in Figures 5.36 -  5.38, at 0.25 hours, 0.75 hours, and 1 hour. After 

approximately 5 hours, as seen in Figure 5.34, the system has reached a point where no 

more CH4 gas is produced, to present figures at times greater than this would be 

repetitious, as they would contain the same features. Figures 5.36 -  5.38 indicate that 

small values of a  and n result in higher capillary pressures, corresponding to the 

definition of these variables, larger values correspond to little moisture retention and 

small values correspond to higher moisture retention, resulting in the appropriate scale of 

capillary pressures.

Figures 5.39 -  5.41 correspond to the temperatures for the varying van Genuchten 

parameters. As a result of reducing the pressure in the production well to 0.5 MPa, the 

reduction of the temperature in the reservoir follows suit as a means to maintain stability.
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Figure 5.37 Depressurization Stimulation (with ice) capillary pressure at 0.75 hours.



72



73



74

Figure 5.39 represents 0.25 hours of simulation time, at this time it can be seen 

that the initial temperature, 6  °C, is being reduced as a result of depressurization and 

hydrate dissociation which is occuring. In Figures 5.39 -  5.41 it is seen that smaller 

values of a  and n correspond to lower temperatures throughout the system. This is a 

direct result of the aqueous saturations. The transfer of heat in porous media is directly 

proportional to soil aqueous saturations, greater aqueous saturations resulting in better 

heat transfer. Figures 5.42 -  5.44 illustrate the aqueous saturations at 0.25 hours, 0.75 

hours, and 1 hour. It is apparent from these figures that smaller values of a  and n 

correspond to larger aqueous saturations. As a result the larger aqueous saturations that 

are seen within each system are directly proportional to the temperature distributions 

which are seen in Figures 5.39 -  5.41. The larger aqueous saturations in this 

depressurization case have the effect of transferring heat from the system into the 

dissociation of hydrates, an endothermic process.
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Figures 5.45 -  5.47 represent the hydrate saturations at 0.25 hours, 0.75 hours, 

and 1 hour. These figures illustrate that hydrates are rapidly being dissociated within the 

system. Figure 5.45 represent 0.25 hours of simulation, at this time the original hydrate 

saturation, 50%, is seen to exist only for the larger values of a  and n at the extreme end 

of the system which has not yet been affect by depressurization occurring at the 

production well. As time increase hydrate saturation further decreases, when 1 hour of 

simulation is reached, Figure 5.47, only hydrates remain in the case when a  =0.08 m ' 1 

and n = 1.091, this corresponds to Figure 5.34, which shows that for this value of a  and n 

production is still occurring while the other cases production has ceased.

Figures 5.48 -  5.50 contain the gas saturations for 0.25 hours, 0.75 hours, and 1 

hour. These figures serve to illustrate the response that is seen in gas saturation as 

simulation time increases. In Figure 5.48, at 0.25 hours, the smaller values of a  and n are 

seen to have the greatest gas saturation, this follows suit that the smaller values of a  and 

n are seen to have temperature disruptions sooner resulting in hydrate dissociations. As 

time increase to 0.75 hours, the gas saturations for smaller values of a  and n are seen to 

exhibit greater saturations, the exception being the case where a  =0.08 m"1 and n = 

1.091. This is most likely due to the decreased temperature for the case of a=  0.08 m ' 1 

and n -  1.091, which prevents hydrates from dissociating as rapidly thus allowing for gas 

saturations to be lower for this case.
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5.4 C 0 2 Micro-Emulsion Stimulation in a 1-D Domain

A ‘slurry’ of CO2 was injected into the reservoir at grid block 1, 1, 1 at a pressure 

of 8.5 MPa, CH4 gas production occurred at grid block 30, 1, 1. The injection 

temperature of the micro-emulsion slurry was 15 °C and was injected at a concentration 

15 volume % of CO2. The initial reservoir temperature and pressure was 2 °C and 8 

MPa, respectively. Three cases of varying van Genuchten parameters were assessed to 

determine what effect capillary forces impose on CH4 gas recovery from hydrate bearing 

formations using a CO2 micro-emulsion. The van Genuchten parameters that were used 

included; a  = 1.45 m"1 and n = 2.681, a  = 0.36 m ' 1 and n = 1.56, and a  = 0.20 m ' 1 and n 

= 1.311. The two other cases of a  = 0.08 m ' 1 and n = 1.091, and a  = 0.75 m_1 and n = 

1.89 did not execute, this is like due to the numerical difficult to solve, as the solutions 

yield strongly nonlinear functions between capillary forces and saturation. The case 

when a  = 1.45 m ' 1 and n = 2.681 ran for 1117 hours (43 days) prior to execution failure, 

as a result only data up to this time was obtained, however enough data was obtained to 

make an accurate assessment.

To refresh the memory of the reader, the process of C 0 2 micro-emulsion injection 

is again described. The process of CO2 micro-emulsion injection takes advantage of 

physical and thermodynamic properties with controlled multiphase flow, heat, and mass 

transport processes in hydrate-bearing porous media. The CO2 micro-emulsion system is 

injected into the hydrate bearing media at a temperature higher than the stability point of 

methane hydrate, which upon contact dissociates the methane hydrate and releases the 

CH4 gas. The released CH4 gas is then recovered at the production well. The sensible 

heat from the micro-emulsion and the heat of formation of the CO2 hydrate provide a heat 

source for further dissociation of methane hydrates. Conversion of the CO2 within the 

micro-emulsion to CO2 hydrates occur over time as the process is controlled by heat 

transfer, diffusion, and the kinetics of CO2 hydrate formation.

The three cases that were evaluated yielded cumulative CH4 gas production 

values as shown in Figure 5.51. Figure 5.51 illustrates smaller values of a  and n result in 

CH4 gas production occurring sooner and with higher cumulative quantities. When
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capillary pressures are examined as presented in Figures 5.52 -  5.54, it is seen that for 

smaller values of a  and n higher internal capillary pressure result. This is in accordance 

with the definitions of a  and n\ which states that larger values of a  and n are 

characteristic of soils that release moisture more readily resulting in lower capillary 

pressure, and small values of a  and n result in higher moisture retention resulting in 

higher capillary pressure. Capillary pressures are presented in Figure 5.52 -  5.54 for 1 

hour, 4 days, and 8 days, respectively. Capillary pressures of zero are seen in the plots,

Figure 5.51 CO2 Micro-Emulsion injection cumulative CH4 gas produced.
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Figure 5.57 CO2 Micro-Emulsion injection gas saturation at 8 days.
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this is a result of gas saturations going to zero. Figures 5.55 -  5.57 contain the gas 

saturation plots for 1 hour, 4 days, and 8 days, respectively.

The gas saturations and capillary pressures in Figure 5.55 -  5.57 and Figures 5.52 

- 5 .5 4 , respectively, coincided when values of zero are reached along the x direction for 

their respective times. Capillary pressure is dependant on the gas phase pressure, when 

there is no gas saturation, STOMP-HYD assumes that the gas pressure is equal to the 

aqueous pressure, resulting in zero capillary force. It is noted that smaller values of a  

and n yield gas saturations less than large values of a  and n. This is a result of sooner 

and larger CH4 gas production for smaller values of a  and n.

The aqueous saturation profiles for 1 hour, 4 days, and 8 days are presented in 

Figures 5.58 -  5.60. In Figures 5.61 -  5.63 the hydrate saturation profiles at 1 hour, 4 

days, and 8 days are given. At 1 hour the three cases exhibit behavior which is similar 

for both the cases of hydrate and aqueous saturation. However, at 4 and 8 days a 

common theme between the graphs is observed; an increase in hydrate saturation results
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in an decrease of the aqueous saturation, which is likely due to the exchange between 

CO2 from the micro-emulsion and CH4 to form CO2 hydrates. The individual 

percentages of CO2 or CH4 gas are unknown variables in STOMP-HYD, as the simulator 

lumps “gases” together. From the respective figures representing aqueous saturation the 

smallest values of a  and n exhibit the smallest aqueous saturation at the respective times. 

This is likely due to the smaller value having produced CH4 sooner than the other cases, 

Figure 5.51.

When Figures 5.64 -  5.66, temperature profiles, are brought into the picture the 

relationship is clear between the aqueous saturation of the smaller a  and n value and 

temperature. From these figures it is clear that the smallest value of a  and n exhibits 

better heat transfer throughout the reservoir, as a larger temperature increase is shown in 

Figures 5.64 and 5.65. Consequentially a greater aqueous saturation is projected further 

away from the injection well, which Figures 5.59 and 5.60 serve to illustrate. A plateau
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in temperature is observed in Figures 5.65 and 5.66 at a distance of 0.3 m and 0.5 m, 

respectively, from the injection well. This is likely the interface where an exchange 

between CO2 and CH4 is taking place, which acts to liberate CH4 gas and form CO2 

hydrates. For example, in Figure 5.65, at 4 days, at a distance of approximately 0.20 m < 

x < 0.40 m this plateau occurs when a=  1.45 m ' 1 and n = 2.681 as well as when a  = 0.36 

m ' 1 and n = 1.56. At this time and distance an increase in hydrate saturation is observed, 

Figure 5.62. Also, at this time and distance the gas saturation experiences a gradual 

decrease extending further than the temperature plateau distance, this suggests that CO2 

and CH4 gas hydrates are being formed and dissociated, respectively.
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Figure 5.66 CO2 Micro-Emulsion injection temperature at 8 days.
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CHAPTER 6 

CONCLUSIONS AND RECOMENDATIONS

In the following sections, the conclusions of this simulation study and 

recommendations for future work are presented.

6.1 Conclusions

A simulation study using STOMP-HYD was conducted to determine what effect 

capillary forces play in the production of CH4 gas under various hydrate stimulation 

modes. Four stimulation techniques with varying van Genuchten parameters were used 

to assess the impact of capillary forces on CH4 gas production. The following 

conclusions were reached as a result of conducting this study:

1 .) a a n d n  -  It was observed that in the thermal stimulation case extreme values of a  and 

n resulted in the code failing to execute. Extreme values are numerically difficult to 

resolve, as they yield strongly nonlinear functions between capillary forces and 

saturation. If soils containing extremely high values or low values of a  and n are 

desired to be modeled, then modifications within the code file must occur for 

successful compilations.

2.) Thermal Stimulation -  In the case of thermal stimulation capillary forces act to retain 

a greater amount of moisture (aqueous saturation) in the case where smaller values of 

a  and n are considered. The greater aqueous saturations allow for better heat transfer, 

thus allowing for the dissociation of hydrates sooner where higher capillary forces 

exist, this in turn allows for CH4 gas production occurring sooner.

3.) Depressurization Above and Below the Q-point -  In these cases as the pressure of the 

reservoir is lowered, a temperature decrease followed suit. The decrease in 

temperature was seen as a result of the endothermic hydrate dissociation since no 

external source of heat is applied for dissociation. The smaller values of a  and n 

resulted in heat being transferred in the reservoir sooner than the larger values of a  

and n, as seen from the temperature profiles. Capillary forces played a role of
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trapping water (larger aqueous saturations) which in turn allowed for a greater 

transfer of heat in the cases of small values of a  and n.

4.) CO2 Micro-Emulsion Injection -  The case of CO2 micro-emulsion injection resulted 

in smaller values of a  and n yielding higher capillary pressure, which resulted in 

higher aqueous saturations, in turn yielding a greater ability for greater heat transfer 

into the reservoir, this added to CH4 gas production which occurred sooner and at 

higher cumulative values. Additionally, when a  = 0.08 m"1 and n = 1.091, and a  =

0.08 m ' 1 and n = 1.091 were inserted into the input file the code failed to execute 

properly. This is due to the inability of the simulator to solve the nonlinear functions 

between capillary forces and saturation.

5.) Conducting the four stimulation cases, it was seen that the depressurization case with 

ice formers saw CH4 gas being produced the soonest. This case coupled with a 

thermal injection scheme may prove to be the best technique for CH4 gas recovery 

from hydrate reservoirs.

6 .) The largest capillary pressures were observed in the case of depressurization with ice 

formation and the smallest capillary pressures were observed on the case of CO2 

micro-emulsion injection.

Combining the knowledge gained from this simulation study for the four hydrate 

stimulation cases, the effect that capillary forces plays on the recovery of CH4 gas is: at 

higher capillary pressures greater aqueous saturation are observed, it is this greater 

aqueous saturation that allows for an increase in the heat transfer ability of the porous 

media and results in thermal energy to be transmitted into the reservoir more effectively, 

this results in hydrates being dissociated sooner and CH4 gas being produced at earlier 

times.

6.2 Recommendations

After conducting this study using STOMP-HYD to determine the effect of 

capillary force the following recommendations are listed for future work:
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1.) The simulation efforts have shown that capillary forces act to trap water in the pore 

spaces, the higher capillary pressures in this study corresponded to greater aqueous 

saturations, the higher aqueous saturations in turn act to transfer heat through the 

system more effectively. Having made this conclusion, it is recommended that the 

authors of the other gas hydrate simulation codes look into the issue of incorporating 

capillary pressure in the respective code to account for the transfer of heat.

2.) A study which looks at the actual properties of Sand, Sandy Loam, Loam, Clay Loam, 

and Loam to see how they rank against one another in terms of CH4 gas production 

should be performed. This would determine what soils are more prone to CH4 

production, thus determining which soils would be candidates for possible production 

techniques.

3.) A full scale 3-D gas hydrate reservoir should be modeled to determine whether or not 

the results obtained in this “scaled” down version coincide with a more complex 

system.

4 .) The code failed to execute properly as a result of using larger values o f CO2 (> 15% 

by volume) injection concentration. Since STOMP-HYD is a work in progress this 

area needs to be reworked to gather knowledge from higher CO2 concentrations 

which would be expected to be injected in the recovery of CH4 gas from hydrates.

5.) A simulation study comparing the four different stimulation techniques should be 

ranked in order to determine which technique would be the most feasible and 

economical.
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CHAPTER 7 

NOMENCLATURE

a  - van Genuchten parameter representing soil water content, 1/m

AETDL - Arctic Energy Technology Development Laboratory

fjgn - gas/non-aqueous phase scaling factor

/?„/ - gas/liquid phase scaling factor

CH4 - chemical formula for methane

CO2 - chemical formula for carbon dioxide

AH - heat of dissociation, kJ/mol

EGHR - Enhanced Gas Hydrate Recovery

G - gas

H - hydrate

H2O - chemical formula for water

hg„ - capillary head for non-aqueous phase liquids/water

r|m - nanometers (1 x 1 O' 9 m)

h„i - capillary head for gas/non-aqueous phase liquids

Lw - liquid water

m - meters

M - guest gas molecule

m - van Genuchten constant, 1

MPa - mega-pascal, unit of pressure

n - van Genuchten parameter representing soil water release

NETL - National Energy Technology Laboratory

Nh - hydration number

°C - degrees Celsius

Paq - aqueous phase pressure

Pc - capilllary pressure
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APPENDICES 

Appendix A

-Simulation Title Card
3.2,
Code Comparison Simulation,
M.D. White,
Pacific Northwest Laboratory,
21 Feburary 2 0 06,
#Sand
#SandyLoam
#Loam
#ClayLoam
#Clay
09:06 AM PDT,
2 ,
Hydrate dissociation in a 1-dimensional domain:
Thermal stimulation

-Solution Control Card 
Normal,
H20-C02-CH4-NaCl-E w/lsobrine,
1,
0,day,63,day,0.1,s,0.1,day,1.25,8,l.e-06,
100000,
Variable Aqueous Diffusion,
Variable Gas Diffusion,
Kinetic Hydrate,0.008,1/s,,,
0 ,

-Grid Card 
Uniform Cartesian,
30,1,1,
0.05,m,
1, m,
1 / m,

-Rock/Soil Zonation Card 
1,
Medium,1,30,1,1,1,1,

-Mechanical Properties Card
Medium,2600,kg/mA3,0.3,0.3,Compressibility,5.Oe- 
9,1/Pa,8.0,MPa,Millington and Quirk,,,

-Hydraulic Properties Card
Medium,3.e-13,mA2 ,3.e-13,mA2 ,3.e-13,mA2 ,

STOMP-HYD Thermal Hydrate Dissociation in a 1-D Domain Input File for
Varying Soil Textures



102

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,1.45,1/m,2.681,0.0,,72.0,dynes/cm,
#Sand

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.75,1/m,1.890,0.0,,72.0,dynes/cm,
#Sandy Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.36,l/m,1.560,0.0,,72.0,dynes/cm,
#Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.19,l/m,l.311,0.0,,72.0,dynes/cm,
#Clay Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.08,1/m,1.091,0.0,,72.0,dynes/cm,
#Clay

-Aqueous Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Gas Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

~Liquid-C02 Relative Permeability Card 
Medium,Mualem,,

-Thermal Properties Card
Medium,2.857143,W/m K,2.857143,W/m K,2.857143,W/m K,1000,J/kg K,

-Salt Transport Card 
Medium,0.0,ft,0.0,ft,

-Initial Conditions Card 
4,
Aqueous Pressure,8.0,MPa,,,,,,,1,30,1,1,1,1,
Temperature,2.0,C,,,,,,,1,30,1,1,1,1,
Hydrate Saturation,0.5,,,,,,,,1,30,1,1,1,1,
CH4 Mass Fraction of Hydrate Formers,1.0,,,,,,,,1,30,1,1,1,1,

-Boundary Conditions Card 
2 ,
West,Energy Dirichlet,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 Zero 
Flux,
1,1,1,1,1,1,1,
0,day,4 5,C,8.5,MPa,0.0,0.0,0.0,0.0,8.5,MPa,0.0,1.0,8.5,MPa,



East,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 
Dirichlet,
30.30.1.1.1.1.1,
0.0,day,,,8.0,MPa,,,,,8.0,MPa,,1.0,8.0,MPa,

-Output Options Card 
10 ,
1.1.1,
2 , 1 , 1 ,
3.1.1,
4.1.1,
5.1.1,
10.1 .1 ,
15.1.1,
20.1.1,
25.1.1,
30.1.1,
1, 1, hr,m, 6, 6, 6,
12 ,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,
Aqueous Relative Permeability,,
Integrated CH4 Mass,kg,
Integrated CH4 Aqueous Mass,kg,
Integrated CH4 Hydrate Mass,kg,
CH4 Aqueous Mass Fraction,,
CH4 Gas Mass Fraction,,
13,
1, hr,
12,hr,
1,day,
2,day,
3,day,
4,day,
5,day,
6,day,
7,day,
8,day,
9,day,
10,day,
2 0,day,
6 ,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,

-Surface Flux Card
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Gas-Phase CH4 Mass Flux,kg/hr,kg,east,30,30,1,1,1,1,
i ,
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-Simulation Title Card
3.2,
Code Comparison Simulation,
M.D. White,
Pacific Northwest Laboratory,
2 3 Feburary 2 0 05,
#Sand
#SandyLoam
#Loam
#ClayLoam
#Clay
09:06 AM PDT,
2 ,
Hydrate dissociation in a 1-dimensional domain:
Depressurization to a pressure above the Q-point (no ice formation)

-Solution Control Card 
Normal,
H20-C02-CH4-NaCl-E w/lsobrine,
1 /

0,day,63,day,0.1,s,0.1,day,1.25,8,l.e-06,
100000 ,
Variable Aqueous Diffusion,
Variable Gas Diffusion,
Kinetic Hydrate,0.008,1/s,,,
0 ,

-Grid Card 
Uniform Cartesian,
30,1,1,
0.05,m,
1/m,
1/m,

-Rock/Soil Zonation Card 
1 /

Medium,1,30,1,1,1,1,

-Mechanical Properties Card
Medium,2600,kg/mA3,0.3,0.3,Compressibility,5.Oe- 
9,1/Pa,8.0,MPa,Millington and Quirk,,,

-Hydraulic Properties Card
Medium,3.e-13,mA2,3.e-13,mA2,3.e-13,mA2,

Appendix B

STOMP-HYD Depressurization Hydrate Dissociation in a 1-D Domain
(No Ice Formers) Input File for Varying Soil Textures

#-Saturation Function Card
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#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,1.45,1/m,2.681,0.0,,72.0,dynes/cm,
#Sand

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.75,1/m,1.890,0.0,,72.0,dynes/cm,
#Sandy Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.36,1/m,1.560,0.0,,72.0,dynes/cm,
#Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.19,1/m,1.311,0.0,,72.0,dynes/cm,
#Clay Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.08,1/m,1.091,0.0,,72.0,dynes/cm,
#Clay

-Aqueous Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Gas Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Liquid-C02 Relative Permeability Card 
Medium,Mualem,,

-Thermal Properties Card
Medium,2.857143,W/m K,2.857143,W/m K,2.857143,W/m K,1000,J/kg K,

-Salt Transport Card 
Medium,0.0,ft,0.0,ft,

-Initial Conditions Card 
4,
Aqueous Pressure,8.0,MPa,,,,,,,1,30,1,1,1,1,
Temperature,6.0,C,,,,,,,1,30,1,1,1,1,
Hydrate Saturation,0.5,,,,,,,,1,30,1,1,1,1,
CH4 Mass Fraction of Hydrate Formers,1.0,,,,,,,,1,30,1,1,1,1,

-Boundary Conditions Card 
1,
West,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 Zero 
Flux,
1, 1, 1, 1, 1, 1, 1,
0 , day, 6, C, 2 . 8 ,MPa, 0.0,0.0,0.0,0.0,2.8, MPa, 0.0,1.0,2.8, MPa,
#West,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 
Dirichlet,
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#1 , 1 , 1 , 1 , 1 , i , i ,
#0,day,6,C,2.8,MPa,0.0,0.0,0.0,0.0,2.8,MPa,0.0,1.0,2.8,MPa,

-Output Options Card 
10 ,
1,1,1,
2 , 1 , 1 ,
3.1.1,
4.1.1,
5.1.1,
10.1 .1 ,
15.1.1,
20 .1 .1 ,
25.1.1,
30.1.1,
1.1,hr,m ,6,6,6 ,
12,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,
Aqueous Relative Permeability,,
Integrated CH4 Mass,kg,
Integrated CH4 Aqueous Mass,kg,
Integrated CH4 Hydrate Mass,kg,
CH4 Aqueous Mass Fraction,,
CH4 Gas Mass Fraction,,
13,
1, hr,
12,hr,
1,day,
2,day,
3,day,
4,day,
5,day,
6,day,
7,day,
8,day,
9,day,
10,day,
2 0,day,
6 ,
Temperature,C,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,

-Surface Flux Card 
1,
Gas-Phase CH4 Mass Flux,kg/hr,kg,West,1,1,1,1,1,1,
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-Simulation Title Card
3.2,
Code Comparison Simulation,
M.D. White,
Pacific Northwest Laboratory,
2 3 Feburary 2 0 05,
#Sand
#SandyLoam
#Loam
#ClayLoam
#Clay
09:06 AM PDT,
2 ,
Hydrate dissociation in a 1-dimensional domain:
Depressurization to a pressure above the Q-point (no ice formation)

-Solution Control Card 
Normal,
H20-C02-CH4-NaCl-E w/lsobrine,
1,
0,day,63,day,0.1,s,0.1,day,1.25,8,l.e-06,
100000,
Variable Aqueous Diffusion,
Variable Gas Diffusion,
Kinetic Hydrate,0.008,l/s,,,
0 ,

-Grid Card 
Uniform Cartesian,
30,1,1,
0.05,m,
1, m,
1, m,

-Rock/Soil Zonation Card 
1,
Medium,1,30,1,1,1,1,

-Mechanical Properties Card
Medium,2 60 0,kg/mA3,0.3,0.3,Compressibility,5.Oe- 
9,1/Pa,8.0,MPa,Millington and Quirk,,,

-Hydraulic Properties Card
Medium,3 .e-13,mA2,3 .e-13,mA2,3 .e-13,mA2,

Appendix C

STOMP-HYD Depressurization Hydrate Dissociation in a 1-D Domain
(With Ice Formers) Input File for Varying Soil Textures
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#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,1.45,1/m,2.681,0.0,,72.0,dynes/cm,
#Sand

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.75,l/m,1.890,0.0,,72.0,dynes/cm,
#Sandy Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.36,1/m,1.560,0.0,,72.0,dynes/cm,
#Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.19,l/m,1.311,0.0,,72.0,dynes/cm,
#Clay Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.08,l/m,1.091,0.0,,72.0,dynes/cm,
#Clay

-Aqueous Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Gas Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

~Liquid-C02 Relative Permeability Card 
Medium,Mualem,,

-Thermal Properties Card
Medium,2.857143,W/m K,2.857143,W/m K,2.857143,W/m K,1000,J/kg K,

-Salt Transport Card 
Medium,0.0,ft,0.0,ft,

-Initial Conditions Card 
4 ,
Aqueous Pressure,8.0,MPa,,,,,,,1,30,1,1,1,1,
Temperature,6.0,C,,,,,,,1,30,1,1,1,1,
Hydrate Saturation,0.5,,,,,,,,1,30,1,1,1,1,
CH4 Mass Fraction of Hydrate Formers,1.0,,,,,,,,1,30,1,1,1,1,

-Boundary Conditions Card 
1/
West,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 Zero 
Flux,
1, 1, 1, 1, 1, 1, 1,
0,day,6,C,0.5,MPa,0.0,0.0,0.0,0.0,0.5,MPa,0.0,1.0,0.5,MPa,
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#West,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 
Dirichlet,
#1,1,1,1/1/1,1/
# 0,day,6,C ,2.8,MPa,0.0,0.0,0.0,0.0,2.8,MPa,0.0,1.0,2.8,MPa,

-Output Options Card 
10 ,
1 / 1 , 1 ,
2,1/1/
3/1,1,
4.1.1,
5/1,1,
10.1.1,
15.1.1,
2 0 .1.1,
25.1.1,
30.1.1,
1 . 1 ,  h r , m , 6 , 6 , 6 ,
12 ,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,
Aqueous Relative Permeability,,
Integrated CH4 Mass,kg,
Integrated CH4 Aqueous Mass,kg,
Integrated CH4 Hydrate Mass,kg,
CH4 Aqueous Mass Fraction,,
CH4 Gas Mass Fraction,,
13,
1/hr,
12,hr,
1,day,
2,day,
3,day,
4,day,
5,day,
6,day,
7,day,
8,day,
9,day,
10,day,
2 0,day,
6,
Gas Pressure,MPa,
Gas Saturation, ,
Aqueous Saturation,,
Hydrate Saturation,,

-Surface Flux Card 
1,
Gas-Phase CH4 Mass Flux,kg/hr,kg,West,1,1,1,1,1,1,
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-Simulation Title Card
3.2,
Code Comparison Simulation,
M.D. White,
Pacific Northwest Laboratory,
21 Feburary 2 0 06,
#Sand
#SandyLoam 
#Loam 
#ClayLoam 
#Clay
09:06 AM PDT,
2 ,
Hydrate dissociation in a 1-dimensional domain:
Thermal stimulation

-Solution Control Card 
Normal,
H20-C02-CH4-NaCl-E w/lsobrine,
1,
0,day,63,day,0.1,s,0.1,day,1.25,8,l.e-06,
100000,
Variable Aqueous Diffusion,
Variable Gas Diffusion,
Kinetic Hydrate,0.008,l/s,,,
0,

-Grid Card 
Uniform Cartesian,
30,1,1,
0.05,m,
1, m,
1 / m,

-Rock/Soil Zonation Card 
1 ,
Medium,1,30,1,1,1,1,

-Mechanical Properties Card
Medium,2 60 0,kg/mA3,0.3,0.3,Compressibility,5.Oe- 
9,1/Pa,8.0,MPa,Millington and Quirk,,,

-Hydraulic Properties Card
Medium,3 .e-13,mA2,3.e-13,mA2 ,3.e-13,mA2 ,

#-Saturation Function Card
#72.0,dyne s/cm,2 4.0,dyne s/cm, , ,26.7,dyne s/cm,
#Medium,van Genuchten,1.45,l/m,2.681,0.0,,72.0,dynes/cm,
#Sand

Appendix D

STOMP-HYD CO2 Micro-Emulsion Stimulation in a 1-D Domain Input File for
Varying Soil Textures
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#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.75,l/m,1.890,0.0,,72.0,dynes/cm,
#Sandy Loam

#~Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.36,l/m,1.560,0.0,,72.0,dynes/cm,
#Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.19,l/m,1.311,0.0,,72.0,dynes/cm,
#Clay Loam

#-Saturation Function Card
#72.0,dynes/cm,24.0,dynes/cm,,,26.7,dynes/cm,
#Medium,van Genuchten,0.08,l/m,1.091,0.0,,72.0,dynes/cm,
#Clay
-Aqueous Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Gas Relative Permeability Card 
Medium,Free Corey,1.0,3.0,0.12,0.02,

-Liquid-C02 Relative Permeability Card 
Medium,Mualem,,

-Thermal Properties Card
Medium,2.857143,W/m K,2.857143,W/m K,2.857143,W/m K,1000,J/kg K,

-Salt Transport Card 
Medium,0.0,ft,0.0,ft,

-Initial Conditions Card 
4,
Aqueous Pressure,8.0,MPa,,,,,,,1,30,1,1,1,1,
Temperature,2.0,C,,,,,,,1,30,1,1,1,1,
Hydrate Saturation,0.5,,,,,,,,1,30,1,1,1,1,
CH4 Mass Fraction of Hydrate Formers,1.0,,,,,,,,1,30,1,1,1,1,

-Boundary Conditions Card 
2 ,
West,Energy Dirichlet,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 Zero 
Flux,
1,1,1,1,1,1,1,
0,day,15,C,8.5,MPa,0.0,0.0,0.0,0.15,8.5,MPa,0.0,1.0,8.5,MPa,
East,Energy Outflow,Aqueous Dirichlet,Gas Dirichlet,Liquid C02 
Dirichlet,
30,30,1,1,1,1,1,
0.0,day,,,8.0,MPa,,,,,8.0,MPa,,1.0,8.0,MPa,
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-Output Options Card 
10,
1 , 1 , 1 ,
2 / 1 / 1 ,
3 , 1 / 1 /

4 , 1 / 1 /

5 / 1 / 1 /

10 / 1 / 1 /

15.1.1,
20 / 1 , 1 ,

25,1/1/
30/1/1,
1.1,hr,m,6,6,6,
1 2 ,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,
Aqueous Relative Permeability,,
Integrated CH4 Mass,kg,
Integrated CH4 Aqueous Mass,kg,
Integrated CH4 Hydrate Mass,kg,
CH4 Aqueous Mass Fraction,,
CH4 Gas Mass Fraction,,
13,
1, hr,
1 2 , hr ,
1,day,
2,day,
3/day,
4,day,
5,day,
6,day,
7,day,
8,day,
9,day,
10,day,
2 0,day,
6,
Temperature,C ,
Aqueous Pressure,MPa,
Gas Pressure,MPa,
Gas Saturation,,
Aqueous Saturation,,
Hydrate Saturation,,

-Surface Flux Card 
2,
Aqueous-Phase C02 Mass Flux,kg/hr,kg,west,1,1,1,1,1,1, 
Gas-Phase CH4 Mass Flux,kg/hr,kg,east,30,30,1,1,1,1,


