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Abstract

Gas hydrates are considered to be an alternative energy resource of the future, as they 

exist in enormous quantities in permafrost and the offshore enviromnent. One of the 

primary mechanisms involved in hydrate decomposition in porous media is the gas-water 

two-phase flow in the formations. Despite their importance, these functions are poorly 

known due to the lack of fundamental understanding of gas-water flows and the difficulty 

of direct measurements for hydrate systems.

As part of a major Alaska gas hydrate project, an experimental apparatus was 

designed and developed for forming gas hydrates in the laboratory and performing gas- 

water relative permeability experiments. In this study effective permeability and relative 

permeability across hydrate saturated consolidated Oklahoma 100 mesh sand and 

Anadarko field samples were measured. The results suggest that the relative permeability 

inferred from unsteady state core floods is a lumped parameter which not only includes 

hydrate saturation but also the effects of dissociation in- stabilities caused by fluid flow, 

fine migration and local compaction in porous media at low temperature. Furthermore, 

these properties are significantly altered by nature of hydrate distribution throughout the 

specimen, location within the pores, and concentration at specific locations.
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CHAPTER 1 

INTRODUCTION

1.1 INTRODUCTION
Gas hydrates are solid, crystalline compounds formed from water and gases under 

specific temperature and pressure conditions. Various gases can form hydrate compounds 

including hydrocarbons such as methane (natural) gas. Gas hydrates are comprised of 

hydrogen bonded water lattice and entrapped “guest” molecules. The guest molecules are 

trapped in polyhedral void spaces created by the water crystal structure. Hydrates of 

natural gas contain approximately 15 mol percent methane and 85 mol percent of water. 

Thus, one volume of hydrate could contain approximately 160 to 180 volumes of natural 

gas at standard conditions (Godbole et al., 1988). Yousif and Sloan (1991) stated that one 

cubic meter of gas hydrate at standard conditions could yield a maximum of 184 cubic 

meters of natural gas. These ratios of gas hydrates to natural gas are substantial and 

enormous amounts of natural gas could be produced from gas hydrates.

Gas hydrate samples have been recovered at about 16 areas worldwide (Booth et 

al., 1999). Moreover, gas hydrate is known to occur at about 50 locations on continental 

margins (Kvenvolden, 1993) and is certainly far more widespread and so it may represent 

a potentially enormous energy resource. Methane hydrate deposits occur in the 

subsurface of many permafrost areas as well as in deep water oceanic sediments. Gas 

hydrates were first confirmed in 1972 on the North Slope of Alaska. A great advantage to 

making gas hydrates an economical resource in North Slope is that the infrastructure for 

gas-oil production already exists from decades of oil and gas production. Gas hydrates 

have been confirmed or inferred to occur in 50 North Slope exploration and production 

wells. In the Eileen Trend of the Prudhoe Bay, Kuparuk River, and Milne Point oil fields 

in northern Alaska, as much as 37 to 44 trillion cubic feet of gas in-place in the form of 

gas hydrates could exist (Collett, 1993). Globally, the estimate of gas hydrate reserves is

100,000 to 3 x 109 trillion cubic feet (Collett, 2001). This amount is twice the methane
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equivalent of all known coal, oil and natural gas deposits in the world (Kvenvolden, 

1993c). If these estimates are correct, gas hydrates may represent a significant source of 

energy in this century and beyond. Gas hydrates are believed to be the second largest 

reservoir of carbon in the shallow geo-sphere behind only dispersed organic carbon 

(kerogen and bitumen). If these resources can be recovered and transported economically, 

they represent a significant energy resource. But there are significant practical and 

economic challenges to be overcome before large-scale production of hydrates could be 

considered and still many questions related to the in situ disassociation and production of 

gas hydrates remain to be answered before this potential can be realized.

The US Department of Energy, realizing the value that hydrate production could 

contribute towards the Nation’s energy supply, is funding research to characterize North 

Slope, Alaska hydrates resources and develop possible production techniques. As an 

unproven process, a step-wise program of research and development is being undertaken. 

Currently, most work is based in the laboratory, though if the early phases of the research 

indicate that production gas from hydrates is feasible, a pilot project on the North Slope 

of Alaska is envisioned. This thesis reports on a laboratory method to form gas hydrates 

and measurement technique for relative permeability evaluation across these synthetic 

cores. Detailed discussion on gas hydrate thermodynamics and kinetics is given by Sloan 

(1998). A more geologically focused discussion can be found in the review papers of 

Kvenvolden (1993a, 1993b).

As a part of this project, the study is embarked upon with the following 

objectives.

1.2 OBJECTIVE OF STUDY

The North Slope of Alaska has been producing oil and gas for nearly three decades. 

Currently these reserves have been on a rapid decline. With the depletion of these 

reserves and with advancements in technology new reserves need to be discovered in 

order to meet energy demands of the nation. One new discovery that could fill the energy 

gap for years to come is the production of natural gas from gas hydrates.
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The fluid flow properties of reservoir rocks are the most important parameters 

required for reservoir characterization studies. These properties include the absolute 

permeability, the relative permeabilities of the fluids and the capillary pressure functions. 

The direct measurement of the relative permeabilities in the laboratory, using 

representative core samples from the reservoir under study, is the only reliable method 

for obtaining relative permeability data. There are not many studies done in this field for 

gas hydrate saturated porous media. In this study relative permeability data was generated 

through an unsteady state displacement experiment to understand the gas-water flow

mechanism in hydrate reservoir.

Apart from being a source of energy, there are adverse effects related to the 

presence of hydrates. Gas hydrate appears to have caused slope instabilities along 

continental margins and it has also been responsible for drilling accidents (Collett, 2002). 

Hence knowledge of fluid flow properties of gas-hydrates is necessary to safely explore 

the possibility of energy recovery and to understand the present and future impact of gas

hydrate production on the geo-sphere.

The primary aim of this research project was to characterize flow behavior of gas and 

water in porous media in the presence of hydrate. Thus, the objectives of this study were,

1. To develop a laboratory method to form synthetic hydrates in porous media for 

performing un-steady state relative permeability displacement experiments.

2. To measure relative permeability across the hydrate saturated porous media.

Note: Within this thesis, any reference to ‘hydrate’ or ‘hydrates’ refers to methane 

hydrates. ‘Production o f hydrates’ is used as shorthand for the production o f methane 

gas dissociated from hydrate accumulations. Gas refers to methane gas.
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CHAPTER 2 

LITERATURE REVIEW

2.1 GAS HYDRATES: AN OVERVIEW
The earliest reported hydrate formation and identification was by Sir Humphrey Davy 

back in 1810. He formed them, accidentally, by leaving gas samples exposed to a chilled 

environment in his laboratory. It has only been in the last 70 years that these peculiar 

compounds have come under the scrutiny of many investigators. Gas hydrates are 

molecular structures of ice which encompass gas molecules and remain stable at 

particular temperature and pressure conditions. Gas hydrates exists in the natural 

environment at pressure and temperature conditions that makes it difficult to perform in- 

situ study. The petroleum industry first started analyzing hydrates when they noticed their 

formation in natural gas pipelines. These instances where hydrates would form in 

pipelines would cause blockages to the flow of natural gas. The hazards associated with 

these obstructions could be severe; ultimately causing blowouts that would not only halt 

production but also compromise the safety of the operation. Most early work performed 

on the characterization of these compounds was done to try to avoid the formation of 

these nuisances. As such, phase behaviors and similar studies were conducted on natural 

gas samples. As these studies progressed, it became clear that hydrates could possibly 

become a future energy resource. In order to prove the methane production potential from 

these gas hydrates extensive research has to be done.

2.1.1 Global Hydrate Accumulations
Hydrates exist in abundance both in arctic permafrost and deep oceans where appropriate 

conditions for hydrate stability are present. Hydrates have been discovered worldwide in 

places water and methane co-exist at low temperature and high pressure. Inland arctic 

locations such as the West Siberian Basin in Russia, North Slope of Alaska, and 

Mackenzie Delta of Canada along with offshore locations such as the Gulf of Mexico,
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Black Sea, Caspian Sea, Sea of Okhotsk, western and eastern margins of Japan, western 

and eastern coast of India and the southeastern coast of the United States provide a 

wealth of hydrate deposits. Many different locations can be seen in Figure 2.1 which 

displays known deposits of natural gas hydrates.

Figure 2.1: Known gas hydrate deposits around the world (USGS Website 2003)

Theoretical worldwide accumulations of natural gas hydrates exceed known 

hydrocarbon reserves on a per carbon basis in even the most modest estimates (Sloan 

1998). Due to the concentration of gases in these hydrates (150-180 SCF gas per cubic 

foot of hydrate) and their total worldwide volume, their realization as the energy potential 

is unarguably enormous.

2.1.2 Gas Hydrate Structure and Description
Gas hydrates are part of a group of non-stoichiometric inclusion compounds called 

‘Clathrates’. These compounds are solid crystalline structures comprised of a hydrogen- 

bonded water cage encompassing a guest molecule (can be methane, ethane, propane
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etc.). The interactions between the hydrophobic guest molecules and the cage structures 

are weak Van-der Waals forces where no direct chemical bond between the guest and 

host lattice is formed. This enables the guest molecules to rotate freely within their water 

cage positions. Hydrate cage structures devoid of these guest molecules are 

thermodynamically unstable showing that the structure can only be formed when the 

guest (gas) molecules are en-clathrated. The gas hydrate structure is different from ice 

and usually dependent upon the physical properties of the gas molecule. Four structures 

of gas hydrates have been identified: si hydrate, sll hydrate, sH hydrates, and sT hydrates 

(Sloan, 1998).
The distribution of gas hydrate deposits also suggest that gas hydrates could 

represent a significant geo-hazard. Gas hydrates displace fluid from the pore space. 

Therefore, the presence of gas hydrate potentially modifies the shear strength and other 

mechanical properties of the sediment in which it forms (Mclver, 1982), making it more 

rigid than it would otherwise be. However, the pressure and temperature requirements for 

gas hydrate stability (Westervelt, 2004 and Collett, 1993) place limit on the depth to 

which gas hydrates are stable in the subsurface of North Slope. In marine environment, as 

sediments are added at the sea floor, gas hydrates are eventually buried deeply enough 

that they begin to disassociate from the heat supplied by the earth (Nimblett et al, 2003). 

Thus, what was once an anomalously strong sedimentary section now becomes 

anomalously weak. This weak layer provides a potential glide plane for an underwater 

land slide. A number of authors have reported submarine land slides correlated with the 

locations of gas hydrate zones (Carpenter, 1981; Bugge et al,1988; Popenoe et al.,1993; 

Pauli et al., 1996). As offshore hydrocarbon exploration moves into deeper and deeper 

water, the geotechnical properties of sediments containing gas hydrate will become more 

and more important. The presence of gas hydrate in the sediments at drill-site may 

strongly impact engineering decision about well bore stability, sub-sea emplacements and 

platform design.
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2.2 GAS HYDRATE FORMATIONS AND DISSOCIATION

To understand the process that occurs when hydrate is formed and dissociated, 

knowledge of hydrate stability zones and what affects them is crucial. The phase 

equilibrium differs in a system containing only water and gas molecules depending on 

many parameters including the type of gas molecule or combination of gas molecules that 

are encaged. Measuring the in-situ properties of gas hydrate is both time consuming and 

expensive, artificial methods have been used in the laboratory to create pure gas hydrate 

(Stem et al., 2000) and gas hydrate in sediment (Winters et al., 2000; Wright et al.,199; 

Kono et al., 2002 and Kleinberg et al 2003). Measurements done on synthetic samples 

compared with natural gas hydrate are uncertain at this time. Characteristics of synthetic 

samples prepared depend more on the technique used for formation or growth of gas 

hydrates inside the porous media.

2.2.1 Growth of Gas Hydrates

Hydrate formation happens in four steps as described by Sloan (1998). First, the 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 agglomerating with the 

other nucleates and grows. For the hydrate to keep growing, mass transport of the gas 

molecules through the gas hydrate to the liquid-hydrate interface occurs, which is step 

three. Finally, heat release occurs after the hydrate forms (an exothermic process). A 

schematic model (Sloan, 2002) of the first two steps is shown in Figure 2.2.

The rate limiting step in this entire process is either mass transport of the gas 

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

hydrate. The kinetic rates and mechanisms are difficult at best to determine due to the 

challenging task of stabilizing the hydrate and having access to analyze it. Most work 

done up to date on these properties has involved a bulk hydrate mass not in presence of 

porous media. In order to accurately model hydrates at the reservoir scale much in-situ 

experimentation needs to be carried out.
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Figure 2.2: Diagram of the initial formation of gas hydrate (Sloan, 2002)

Historically, bulk quantities of gas hydrates have been produced in many 

laboratories by a variety of different methods, commonly mimicking either hydrate 

forming processes that are thought to occur in nature, or under conditions of pressure and 

temperature that may occur in nature. Some researchers have grown gas hydrates by 

bubbling hydrate forming gas through sea water or freshwater-saturated sediment 

columns, simulating ocean floor type conditions or processes. Others have produced 

hydrates from ice + gas mixtures by vigorous agitation, shaking, or rocking procedures 

that continually renew fresh ice surfaces for hydrate growth. An excellent and 

comprehensive review of a variety of methods and fabrication apparatus is given by 

Sloan, 1998 (chapter 6). While the material produced by such dynamic methods is
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suitable for some types of measurements, particularly those related to phase equilibria, 

formations processes, and formation kinetics.

But there remain some outstanding problems inherent to these procedures which 

render the resulting material less suitable for reservoir parameter measurements.

Problems associated with forming hydrates in the laboratory are,

1) The resulting hydrates customarily includes excess or un-reacted H20 , either as 

liquid water or as ice, which is difficult to separate and remove from final hydrate 

product. Not only does excess H20  contaminate the hydrate and influence all 

subsequent property measurements, but it also greatly hinders accurate 

determination of composition and stoichometry of the resulting hydrate.

2) Hydrate produced by continuous agitation methods has generally been produced 

under low to moderate pressures, resulting in low methane content in the resulting 

hydrate.

3) Synthetic hydrate formed from water or from continually agitated ice grains does 

not have well constrained or well controlled grain size, grain texture or 

crystallographic orientation parameters which can strongly affect those properties 

influenced by grain anisotropy, such as flow behavior or elastic properties.

2.3 SIGNIFICANCE OF GAS-WATER RELATIVE PERMEABILITY

Though gas hydrates are found in abundance worldwide, production from them has only 

been inferred from a Messoyakha gas field in Russia (Collett et al., 1998). Messoyakha 

field is located in northwestern Siberia and is in close vertical proximity to a gas hydrate 

zone.
Production from this gas field didn’t follow the normal trend associated with a 

declining gas reservoir. Instead the reservoir pressure declined and then abnormally 

started to increase slowly over time. Since no aquifer influx or other surface means of 

pressure stabilization were employed, this reservoir was experiencing a voidage 

replacement from some source. This has been examined and determined to be the hydrate 

zone dissociating slowly and adding to the volume of gas. It is believed that one to two
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thirds of the total hydrocarbon reserve of this reservoir is contained within these hydrates. 

Production from the Messoyakha hydrate zone has gone on for over 15 years now.

Figure 2.3: North Slope of Alaska gas hydrate accumulations

Collett (1993) extensively studied gas hydrate occurrences on the North Slope of 

Alaska. His estimates of total resources volume come to 640 Tcf on the Eileen Trend of 

North Slope alone. Of particular interest is a known area of hydrate accumulation 

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

bearing reservoirs in the US (Prudhoe Bay and Kuparuk) and is shown in Figure 2.3. 

With the knowledge of the vast accumulations and potential for extraction, three hydrate 

production schemes were proposed to attempt the development of these resources.
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Depressurization, thermal injection, and inhibitor injection were proposed and studied by 

many researchers.

Depressurization Thermal Injection

Hot Brine 
or Gas

Inhibitor Injection

Gas
Methanol

Figure 2.4 Processes for natural gas extraction from hydrate zones.

The schematics for these processes, adapted from Collett (2002), are displayed in Figure 

2.4. Depressurization which is being done at Messoyakha works by alleviating the 

pressure from the gas hydrate zone which moves the hydrate out of its stability zone. 

Hydrate then is put into a position of self-preservation by lowering the gas hydrate zone 

temperature and going back into the stability zone. The result of this process is that the 

time lag between depressurization and recovery of additional gas is extended as shown in 

the Messoyakha field production history. According to the thermodynamic study of 

hydrates, the rate of increase in pressure due to hydrate dissociation is slow. The process 

of hydrate dissociation is endothermic (requiring heat) and any pressure reduction done to 

dissociate hydrate zone, in turn will decrease the temperature of the zone forcing it back
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into phase equilibrium. Nanchary et al, 2004 has used this production scheme to model 

North Slope resources to forecast gas production from these fields.

Another method is by the use of an injectant, which takes the hydrate zone out of 

thermal equilibrium by transferring heat energy. This process can be done through 

injection of steam or hot brine. Kamath et al. (1991) performed experiments of 

depressurization and hot brine injection on methane hydrate in porous media. There 

results showed increased gas production from the hydrate when injection of the hot brine 

was compared to simple depressurization. Though their results showed high rates of gas 

production, in large scale production, but the energy input to heat the injectant would be 

substantial. Additionally, the high expenditure to add energy to the system, stabilization 

of the underground permafrost during injection of the heated fluid would be hard to 

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

Injection of an inhibitor, such as methanol, is also considered as a potential 

production scheme. The phase equilibrium shifts associated with the inclusion of these 

hydrate inhibitors have been studied by many researcher with many different additives. 

Dholabhai et al. (1997) performed phase studies of a binary hydrate composed of both 

CO2 and CH4 in the presence of salts, methanol, and ethylene glycol. There results shows 

that the equilibrium conditions shift quite dramatically with the addition of methanol and 

ethylene glycol. Other research done by Maeda et al. (1998) with glycerine, starch, and 

cellulose showed little effect. The problems associated with this as a potential production 

mechanism are that the inhibitors are costly, they are toxic, and expected results are not 

truly known.
It can however be noted that in all the three potential production schemes there is 

one common element, and that is the formation of gas and liquid (water) phases 

eventually leading to two phase flow in presence of partially hydrate saturated sediment. 

This two phase flow quantified by gas-water relative permeability functions in the 

presence of partially hydrate saturated sediment is a key reservoir engineering parameter. 

Its investigation has significant impact on the producibility and development of hydrate 

formations. It is not only important parameter for analytical solution (Nanchary, 2002 and
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Sun et al 2004) of hydrate production but also for reservoir simulation and evaluation. 

Improving the laboratory measurements of the hydrates parameters would minimize the 

uncertainties associated with these parameters. This will result in more effective reservoir 

simulation modeling (Moridis, 1998, Nanchary et al, 2004) without depending on the use 

of empirical correlations and history matching techniques to estimate these reservoir 

properties.

Moreover this research also plays important role in the simulation studies for the 

hydrate zone drilling and developing experimental technique for formation damage 

studies. This study is one of the important tasks to be carried out in second phase of 

ongoing research.

2.4 MEASUREMENT OF TWO PHASE RELATIVE PERMEABILITIES

All two phase relative permeability measurements are primarily dependent on the 

determination of effective permeability. The effective permeability to each phase 

increases as its saturation increases. It is zero at the irreducible saturation of the phase 

and it has maximum value at the maximum phase saturation. Hydrates are considered as 

solid part of porous media and not as mobile phase. The effective permeability is usually 

converted to relative permeability by dividing it by reference permeability. This allows 

the comparison of different systems with different absolute permeabilities. The choice for 

the reference permeability is arbitrary and can be any of the following:

1. Absolute permeability to one of the phases.

2. Klinkerberg corrected gas permeability (required for low pressures).

3. Non-wetting phase effective permeability at irreducible wetting phase saturation.

4. Wetting phase effective permeability at irreducible non-wetting phase saturation.

Most often the non-wetting phase permeability is used as the reference permeability. 

Nevertheless it is important to state which reference permeability has been used to 

convert the effective permeabilities to relative permeabilities.
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Geffen et al. (1951) presented a comprehensive study on the different methods 

available for determining relative permeabilities of reservoir rocks. They divided the 

methods into the following four categories:

1. Estimation from past reservoir performance and extrapolation.

2. Use of published laboratory data from studies on similar porous media.

3. Deriving the flow equations, using known laws of fluid dynamics, and using some 

experimentally measurable characteristics of the reservoir rock, and

4. Direct measurement of the flow characteristics in the laboratory using 

representative rock and fluid samples.

Geffen et.al. (1951) observed that the first three methods have shortcomings, which 

make their use questionable. The reservoir performance data is only available for limited 

type of flow processes, and is not readily available during the early life of the reservoir. 

For the second method, the published data from other porous materials may not be 

applicable under the reservoir under study. For the third method, the physics of fluid flow 

is not understood well enough to derive accurate mathematical equations describing flow 

in the complex pore geometry of porous media. They then concluded that the direct 

measurement of the relative permeabilities in the laboratory, using representative core 

samples from the reservoir under study, is the only reliable method for obtaining relative 

permeability data. And even this technique can have some problems. Saraf and McCaffey 

(1981) published a comprehensive study of methods of determining two and three phase 

relative permeabilities. They agreed with the conclusions of Geffen et al. (1951) that, for 

two phase flow, experimentally measured relative permeabilities are better that the 

theoretically determined values.

Methods to measure relative permeability in the laboratory are divided into two 

categories: (1) steady state, (2) unsteady state or displacement methods. The first two 

methods are non destructive techniques and hence are applicable for hydrates. The two 

methods are discussed in detail in following section.
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2.4.1 Steady State Methods

In the steady state method generally both wetting and non-wetting phases are injected 

simultaneously into the core. The pressure drop and the saturations are measured when 

the system has reached steady state, i.e. the pressure drop across the core when the 

saturations are not changing with time. The saturations of the phases are varied by 

changing the ratio of the flow rates of the fluids. Thus the relative permeability curves 

can be determined over a representative range of saturations. The steady state method 

requires the determination of fluid saturations in the core as well as the pressure gradient 

of both phases and the individual phase flow rates. Ideally the pressure gradients and the 

saturations should be measured across a section of the core, which has uniform 

saturation.

Leverett (1939) measured the relative permeabilities to oil and water in 

unconsolidated sands using the steady state method. He concluded that the capillary 

discontinuities at the ends of the core caused errors in pressure measurements, especially 

at low flow rates. He also concluded that the measured relative permeabilities were 

essentially independent of the viscosities of the fluids, but were related to the pore size 

distribution of the rock, the displacement pressure, the pressure gradient and the water 

saturation. Since the early work on relative permeability measurements by Leverett 

indicated the presence of capillary end effect, researchers have tried to find ways either to 

eliminate or minimize these effects on measurement.

Hassler (1944) presented a method to measure gas and oil relative permeabilities 

in which semi permeable plates are used at each ends of the core, allowing the fluids to 

flow separately outside the core. In this method the pressure drop in the gas phase are 

adjusted to equalize the capillary pressures at the inlet and outlet ends of the core. This 

procedure should result in uniform saturation inside the core, thus eliminating the end 

effects. Osoba et al. (1951) reported that this method gives oil relative permeabilities 

which are consistently less than those measured by the dynamic methods. In the dynamic 

method, both fluids are injected and produced from the same ports at the end of the core. 

The capillary effects are minimized by using high flow rates.
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Morse et al. (1947), working at the Pennsylvania State University, developed a 

method in which three pieces of the core material are butted together in a core holder. 

The upstream piece acts as a mixing zone for incoming wetting and non-wetting phases 

injected. The pressure drop and the saturations are measured in the middle section. The 

capillary end effect is confined to the third, down stream, section. The saturations are 

measured by removing the central core from the core holder and weighing it after each 

saturation step. Caudle et al. (1951), Osoba et al (1951), and Geffen et al. (1951) 

compared this method with others available at that time, and reported that it gives 

consistent and reliable results. It should be noted that the disassembly of the core after 

each saturation step can cause errors in measurement, because of loss of fluids when

isolating and weighing the core.

Theoretically steady state technique is preferred for heterogeneous lime and 

carbonate samples, and possibly for hydrate specimen. Steady state typically covers a 

broader range of saturations than unsteady state data especially in the lower water cut 

region (Amaefule, 1982). Some procedures for determining fluid saturation for the 

steady-state technique do not require an independent determination of porosity. This is an 

added advantage that together with the other advantages of the steady state methodology 

are extremely relevant to hydrate system. One of the difficulties with applying the steady 

state technique to the hydrate samples is in obtaining the core samples with adequate pore 

volume. It has been recommended that larger diameter core samples, namely 3” or 4”, be 

used in order to obtain the minimum pore volume requirements. However, smaller core 

samples can be tested if adequate porosity exists. The main disadvantage of steady-state 

process is the time required to attain capillary equilibrium that can be substantial, 

especially for low permeability samples such as hydrate cores.

2.4.2 Unsteady State Methods
In the unsteady-state technique, an independent analysis of the hydrate porosity is 

required to relate the saturation data to pore volume. The technique is limited by the 

inherent simplifying assumptions of the mathematical models used to calculate the
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relative permeability. But, the significantly reduced testing time as compared to the 

steady-state makes unsteady state technique ideal choice.

In unsteady state methods only one of the phases is injected into the core. The 

core is at the irreducible saturation of the displacing phase. The injection, recovery and 

pressure drop across the core are recorded during the displacement process. The relative 

permeabilities are then calculated by the Johnson et. al. or JBN(1959) method or Jones 

Roszelle (1979) or by the history matching techniques.

Buckley and Leverett (1942) developed the equations governing the displacement 

of one fluid by another in a porous medium. They assumed linear, incompressible flow, 

and negligible capillary forces.

Welge (1952) presented a method based on the Buckley-Leverett (1942) theory to 

calculate the ratio of relative permeabilities. He also presented a method for calculating 

the recovery from a reservoir under gas or water drive.

Johnson et al. (1959), based upon Welge's solution of the flow equation, 

developed for the first time a method to calculate the individual phase relative 

permeabilities from displacement data. The experiments need to be conducted at high 

enough flow rates so that the capillary forces can be neglected. The other assumption 

mentioned by the authors is that the flow rate is constant at all cross sections of the core, 

thus the flow is incompressible. Although not mentioned in their paper, an essential 

requirement for the method to work is that the core must have an initial uniform 

saturation distribution. This method requires the differentiation of the data to calculate 

relative permeabilities. This method generally gives relative permeabilities over a fairly 

small saturation range, which varies depending on the relative motilities of the flowing 

fluids.

Archer and Wong (1973) reported that the JBN method gives erroneous results in 

mixed wettability and/or heterogeneous cores, because of the high flow rates required to 

eliminate the capillary end effects. They observed that for such systems the relative 

permeability curves obtained by the JBN method can have atypical shapes. They 

proposed a computer model that could be used to history match the recovery and pressure
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drop data from flow rate displacement experiments to obtain the relative permeabilities. 

They used a linear core model for their simulations. The history matching was done by a 

trial and error procedure. They assumed parametric forms for the relative permeability 

curves. In this way they eliminated any possibility of getting atypical shaped relative 

permeability curves.

Jones and Roszelle (1978) presented an extension of the JBN method for 

calculating the relative permeabilities. They proposed a graphical technique to do the 

necessary differentiation of the production data required by the JBN method. Their 

method follows the analysis of the late time data. They also developed a graphical 

method to calculate individual relative permeabilities from the pressure/production 

history of the displacements. Roszelle method can be used for displacements conducted 

at constant pressure drop across the core, or even when both rate and pressure drop vary 

with time.

Miller (1983) used a curve fit on the recovery and the pressure drop data from oil- 

water displacement experiments. He then used these curve fitted forms in the JBN 

analysis to calculate the relative permeabilities. He imposed the conditions that the 

equations describing the recovery and the pressure drop be smooth and monotonic, and 

that the resulting relative permeabilities should be smooth and look like conventional 

relative permeability curves. By imposing these conditions he also eliminated the 

possibility of any atypical relative permeability curve shapes.

Sigmund and McCaffery (1979) proposed an automatic history matching 

technique. They proposed using a nonlinear method like Gauss-Newton, to history match 

the data. They included the capillary pressure term and outlet capillary end effect in a 

numerical model, as suggested by Settari and Aziz (1974). To properly include the effects 

of capillary forces in a numerical model, the capillary pressure function must be 

evaluated independently in the laboratory.

Batycky et al. (1981) modified the method proposed by Sigmund and McCaffery 

(1979). They measured capillary pressure by the mercury injection method. Their history 

matching is done in two steps. During the first step the capillary pressure curve,
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applicable to the oil-water system under study and the connate water saturation are 

determined. The assumption is made that, over the saturation range of interest, the oil- 

water and mercury-air curves scale linearly with the ratio of the interfacial tensions in the 

two systems. In the second step the relative permeability curves are determined by 

automatic history matching.

Evans, et al. (1985) included the inlet geometry in their numerical model, which 

they used for history matching laboratory displacement data. This geometry allowed for 

the water injection rate into the core to change over time rather than assuming a step 

change at the beginning of the injection.

Islam and Bentson (1986) measured the saturations and pressure profiles along 

the length of a sand pack. They measured the saturations by the microwave absorption 

method. The pressure profiles were measured by placing taps along the length of the core. 

They calculated local fractional flows by using the saturation profiles at different times. 

The local fractional flows and pressure drops in the water phase were used to calculate 

relative permeabilities. They claimed the method to be independent of the errors caused 

by the end effects. In their analysis they assumed the capillary pressure gradients were 

negligible. Qadeer (1988) reported that these history-matching methods do give 

satisfactory results for matching the recovery and pressure drop data in drainage 

displacements. In the case of imbibition displacements though, during the early stages of 

floods the history matched pressure drop data show some error.

2.4.3 Relative Permeability Work Related to Hydrate Systems

Inspite of the fact that vast amount of work has been reported in the literature on 

conventional two-phase relative permeabilities; very little information is available in the 

literature for hydrate systems. However, in this section work reported by other 

researchers in the area of relative permeabilities for hydrate systems is reviewed.

Nadem (1988) performed hydrate permeability studies where he 

consolidated hydrates from frost to measure effective permeability for gas. He concluded 

that gas permeability decreases with increase in hydrate some exponential nature but the
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study doesn’t gives about details of compaction of sand, nature of consolidation and 

effect of method of hydrate formation on effective permeability.

In the literature studied (Chawate et al, 1991 and D’Cunha, 2004), researchers 

seem to have found that the absolute permeability of cores either remains unaffected or 

changes with temperature. Permeability changes occur due to micro structural 

rearrangements in the geometry of the matrix caused by variation in temperature and core 

confinement. Although Chawate et al, 1991 conducted study at high temperature for 

sandstone but D’Cunha, 2004 conducted this study at freezing temperatures for 

unconsolidated field samples. D’Cunha found significant decrease in permeability or 

hydraulic conductivity at low temperature. The theory can be extended to hydrate 

resources which are present in North Slope at low temperature. Thus, there could be a 

significant impact on the ultimate gas recovery using thermal process for hydrate 

recovery.
More precisely, concerning porous media, we can distinguish two kinds of 

experimental works; the ones with a synthetic porous medium like silica gels, engraved 

plate or sand grains (Handa & Stupin, 1992; Anderson et al., 2001; Buffet & Zatsepina, 

2000) and the others with a natural porous medium, which is typically a consolidated 

sediment sample (Booth et al., 1999). A lot of results came out of these studies. However, 

no published results are available to show the dependence between the hydrate content of 

a porous medium and characteristics that are needed to constrain the different models 

used to simulate the formation and dissociation of methane hydrates in porous media.

The bulk thermodynamics, transport and mechanical properties of methane have 

been thoroughly investigated. However, within the petroleum community hydrates are of 

most interest constituent of sediment. Therefore the relationship between water, natural 

gas hydrates and the sediments in which they resided is as important as their bulk 

properties. This is particularly true because hydrates are generally found in 

unconsolidated sediments. Scenarios for the production of natural gas from hydrates 

depend on how hydrate saturation affect hydraulic or effective permeability, which in 

turn depends on the pore space micro-geometry.
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There are several ways in which hydrate can interact with an unconsolidated 

packing of mineral grains. (Helgerud, 2001);

1. Hydrate forms preferentially at grain contacts, acting as cement even in small 

quantities;

2. Hydrate coats grains more or less uniformly, progressively cementing them as the 

hydrate volume increases;

3. Hydrate grows in the interior of pores partially supporting the frame;

4. Hydrate grows without significant interaction with the frame. Little is known about 

the controls on growth habit, which could include sediment mineralogy and texture, 

water salinity, other solutes such as bio-surfactants, gas composition, and whether 

forms from free or dissolved gas. Rate and annealing effects may also be factors.

Winters et al. (2002), performed hydraulic conductivity measurement experiments using 

ASTM method (2000) for hydrates samples obtained from field. But the experiment was 

used to analyze extent of reduction in hydraulic conductivity.

Nuclear magnetic resonance (NMR) measurements was made by Kleinberg et al, 

2003 on synthetically prepared within the gas hydrate stability zone, at or near the 

seafloor in Monterey Bay, California. In there study it was shown that hydrate tended to 

replace water in the largest pore spaces and the relative permeability to water was 

significantly reduced. They compared one equi-relative permeability points with 

numerical models in literature and concluded there is need for extensive study for relative 

permeability measurement.

2.4.4 Mathematical Models for Calculating Relative Permeabilities

In this section a literature review of various mathematical models proposed for 

calculating relative permeability of hydrate systems is presented.

In the laminar flow regime, relevant to flow in natural porous media, the 

volumetric rate of fluid flow through a cylindrical channel is proportional to the fourth 

power of the channel radius. For a channel of elliptical cross section with semiminor axis 

x and semimajor axis y where y » x ,  the flow rate is proportional to x3y (Lamb, 1945).



Thus flow through porous media is dominated by the continuous flow channel with the 

largest minimum cross sectional dimension (Thompson et al., 1987).

The permeability of porous medium partially saturated with hydrate depends 

critically on where hydrate forms in the pore space. Consider the limiting case of an 

infinitesimal film of solid. If this film coats the pore walls, there is an infinitesimal effect 

on fluid flow. If the film divides the flattened elliptical channel into two ducts, each with 

small dimension x/2, the permeability will decrease by a factor of four. If the film blocks 

the cross section, the permeability can in principle be reduced to zero. We describe 

several simple models of permeability reduction, and discuss their applicability to our 

experimental findings.The flow through porous media is dominated by the continuous 

flow channel with the largest minimum cross-sectional dimension. The permeability of a 

porous medium partially saturated with hydrate depends critically on where hydrate 

forms in the pore space.

Model 1: Hydrate formed in center of capillary, (lamb 1945 modified)

The simplest permeability model that assumes hydrate avoids grain surfaces assumes that 

hydrate forms in the centers of cylindrical pores, leaving an annular flow path for water. 

The radius of pore is a and the radius of the hydrate core is b. In this case, the volume 

rate of fluid flow in a single tube is

Q = — kp  
%n

(« 2 - & 2) 2

log

The hydrate saturation is
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Following the same steps as above, the permeability of a material composed of bundle of 

such capillaries is

k(Sh) =
(pa1

1 - S i -
log'  j _ N

i0 .5
J

The the relative permeability to water is

km = \ - S 2h + 2(--- Sh) = l - ( l - S w)2 + -^ . 4
log ( S „ ) log(l - S w)

Model 2: Parallel Capillary Models

The simplest model of a porous medium is one consisting of a bundle of straight, parallel 

cylindrical capillaries having an inner radius a. The flux of fluid through a unit cross 

sectional area containing n such capillaries is (Scheidegger, 1960).

nm4 A p q =  — ...........................................................................5
8 j u L  

Where p is the dynamic viscosity (units of mass/(length x time)) and *S t îe 

pressure gradient. The hydraulic permeability k is defined by

k Ap
<1=— T ...............................................................................6H L

and the number of capillaries per unit cross sectional area, n, is related to the porosity <|> 

by

(p = n m 2 ................................................................................. 7

so in this model the permeability in the absence of hydrate, ko, is

*, = ^  8
8
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Model 3: Hydrate coats capillary walls. (Scheidegger, 1960)

Hydrate uniformly coats the walls of each capillary, the radius of the water-filled pore 

space will be reduced to ar.

4 Ap Qq = n m r  ...........................................................................y
r 8 /jL

Since the number of capillaries per unit cross section remains

«  10
m

The permeability of water is reduced to

K(Sh)=& .................................................................. 11
'  8a 1

Sh is hydrate saturation (the volume fraction of pore space occupied by hydrate),

And

a) = a 2( l - 5 A) .......................................................................12

So,

...................................................................>3

The relative permeability of water is defined by

k = ^ -/Vrw i
k0

k0 is permeability without any hydrates.

- u  •V ': - .......................................................................14

Model 4: LBNL Model (Parker et al, 1987)

The EOSHYDR/TOUGH2 reservoir simulator (Moridis et al. 1998) uses a previously 

published relative permeability model (Van Genuchten, 1980; Parker et al. 1987)
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15

Sr is irreducible water saturation, 

m is soil dependent

Where Sr is the irreducible water saturation ( the fraction of water trapped in the pore 

spaces of the rock, and the therefore immobile at a given pressure gradient). For sands, 

silts and sandstones m=0.46.

Model 5: University of Tokyo Model. (Masuda, 1997)

This model takes the capillary tube as starting point. Hydrate is assumed to line the walls 

of the capillary and generalized equation is proposed for use in simulator.

Where N=2 is the result of the geometrical computation. It is proposed that N be 

increased to take into account preferential accumulation of hydrate in pore throats. 

Masuda et al. select N=10 or N=15, but no rationale is given for these specific choices.

Model 6: Permeability prediction for granular media (Hearst et al, 2000 with 

Spangenberg, 2001)

Permeability prediction for granular media is considerably more difficult than for simple 

ducts. No one model is generally accepted for rock and sediment. The pore spaces are 

irregular, and flow paths are longer than the straight-line distance L that defines the 

pressure gradient. A widely used starting point is the Kozeny family of hydraulic 

permeability equations (Scheidegger, 1960). There are a number of equivalent forms

*w = ( l - S A) " = S , r 16
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(Hearst et al, 2000), in which A always refers to the internal surface area of the pore 

space:

1) Expressed in terms of the ratio of the pore surface area to the pore volume.

k=  t   17
v<AIV)\ore

2) Expressed in terms of the ratio of the pore surface area to the overall rock volume:

£   18
vr(A/V) )ock

3) Epressed in terms of the ratio of pore surface area to grain volume,

k ____________I .....  ........................................................... 19
w (l-f

where v is shape factor, which is one the order of unity Tortuosity is

UJ
Where La is the path length for flow, which is longer than the straight-line distance L

associated with the pressure drop Ap. The relationship between the tortuosity x, the

electrical formation factor F, and the porosity <J> is ( Hearst et al., 2000)

t  = F</> .......................................................................... 20

Assuming shape factor v does not change with hydrate saturation, we have

v(sh yF. (
F(St ) { A (S t ). V Ko

2 \

To estimate the Kozeny grain pack relative permeability, one needs to understand how 

the electrical formation factor and the surface to volume ratio change the presence of 

hydrate. Both quantities are model dependent. Spangenberg (2001) thoroughly discusses
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the electrical problem for various hydrate growth habits. The relationship between the 

formation factor in a hydrate saturated medium, and in a fully water saturated rock,

A is internal surface area of the pore space.

Model 7: Hydrate coating the grain surface (Spangenberg, 2001).

When hydrate coats the grain surfaces, the surface area of the water filled pore volume 

diminishes as the hydrate saturation increases. The cylindrical pore model is the simplest 

approximation. If the pore radius for Sh = 0 is a and the pore radius in the presence of 

hydrate is ar; the surface area ratio is ,

22

Where n is the Archie saturation exponent.

Moreever, the pore water volume ratio

23

So,

24

4 0  o.
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so capillary model becomes,

k „ = ( } - s hr +l 27

for this model saturation exponent n equals 1.5 for 0 For Sh >0.8

(Sw < 0 .2 )  the saturation exponent diverges, but in this regime the relative permeability 

to water is already small, and the increase of the saturation exponent has only a minor 

effect. Thus the relative permeability equation

Model 8: Hydrate occupies pore centers. (Spangenberg, 2001)

The pore surface area increase as hydrate grows in the center of the pore. Just before 

hydrate fills the pore, the surface area is double its orginal value. In the cylindrical model

4S,) = A(1 + S.°s) ...................................................28

hence,

( l - S X 2 K *  29
w (1 + S1®5)2 (1 + (1 -S W)0,5)2 .................

Neglecting the effects of capillary pressure, the saturation exponent increases from n =0.4 

at Sh = 0.1 (Sw = 0.9) to unity at Sh=l

Model 9: Porosity Evolution and Relative Permeabilities

During the formation and dissociation processes, the “free” volume which is not occupied 

by hydrates depends on the hydrate saturation and defines the effective porosity

= « 1 - S » ) ......................................................................................30

Absolute Permeability model and Porosity is related by in one case (Jeannin, L. 2002) is 

related through a logarithmic law;
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log (K) = a<t>eff+b 31

a and b are determined experimentally.

2.4.5 Summary of Reviewed Literature

1. Despite a great deal of work using a variety of observational, experimental, and 

theoretical techniques on gas hydrates , there is very little study or information 

available on relative permeability of hydrate systems.

2. The models available in literature are not correlated on actual experiments, but based 

on theoretical techniques or experiments carried out in similar porous media. The 

Tokyo predictions (Masuda et al., 1997) are based on ad hoc adjustments of capillary 

tube model which hydrate coats the pore walls. The LBNL model (Moridis et al, 

1998) uses an equation, with no adjustable parameters, derived from studies of 

shallow terrestrial soils partially saturated with water (Parke et al, 1987).In other 

models, Kozeny like theories of grain packs (Scheidegger. 1960) are developed for 

pore filling and pore coating growth habits. None of these models have adjustable 

parameters.

3. There is clear need for direct relative permeability measurements on hydrate saturated 

porous media. It is highly desirable to carry out laboratory experiments for the 

purpose of developing a more refined correlation that can be used to characterize 

hydraulic properties of hydrate formations.

4. Due to the friable and the heterogeneous nature of hydrate, laboratory techniques of 

measuring relative permeability are difficult. Laboratory analyses of hydrate 

specimen are further complicated by the difficulty in forming hydrate in laboratory 

and accurately measuring the pore volume of hydrate samples. Therefore, 

measurement of relative permeabilities for hydrate systems is indeed a very 

challenging task. The present work attempts to address these challenges and focuses 

on performing the necessary theoretical and experimental research required to
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adequately characterize two phase fluid flow in hydrate samples. In the next chapter 

the experimental set-up and procedure for measuring relative permeability in hydrate 

systems are presented.
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CHAPTER 3 

EXPERIMENTAL SETUP AND PROCEDURE

This chapter is divided into two sections. In the first section the experimental setup is 

described. In the second section the details of the experimental procedures are given.

3.1. EXPERIMENTAL SETUP

For the measurement of relative permeability an experimental system was indigenously 

designed and constructed as part of this study. This equipment setup can be used to 

conduct unsteady state experiments on unconsolidated core, consolidated core, field core 

samples and synthetic hydrate cores. A picture of the experimental setup indicating the 

key components is shown in Figure 3.1. The most important component is the core holder 

which is used to house the sediment in which hydrates are formed and displacement 

experiments are conducted.

The core holder can accommodate consolidated cores of two-inch diameter and 

up to 12 inches long. The core holder is equipped with a jacket and thereby to maintain 

the temperature of core plug. By switching the valves this flow experiments can be 

conducted either by re-circulating the fluids, or by flowing them through the core only 

once. All experimental fittings and tubing were of 1/8” NPT and valves were rated to a 

pressure of 3000 psi rating.

The ISCO 500D syringe pumps were used for core flooding. The ISCO pumps are 

connected to individual piston cylinder as shown in Figure 3.2. Floating piston cylinder 

was used as reservoir for gas and liquid. Copper tubing was wounded on the piston 

cylinder which served as cooling jacket. The coolant (50% propylene glycol) was 

circulated using Neslab re-circulator chiller pump in these tubing’s. The core holder was 

maintained at low temperature (similar to field conditions) by circulating coolant through 

external jacket using Julabo re-circulator chiller. A single phase backpressure regulator 

is used to maintain a fixed downstream pressure in lines. The single phase backpressure



32

regulator is meant for single phase fluid either the water or gas but the fluctuations in 

pressure due to two phase is less then + 3 psi.

Figure 3.1: The experimental setup picture showing key components.

1. Core holder

2. Production system (gas flow meter, separator and balance)

3. Water collector

4. Piston cylinder for fluid injection

5. Re-circulator chiller (for core holder)

6. Core pusher

Core was compacted using core pusher and consolidated by applying overburden 

pressure. Overburden or confining or pore pressure across core plug was monitored from 

dial gauge on cylinder which was tested for accuracy of +_ 10 psi.
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Figure 3.2: Schematic of experimental setup

BR: Back pressure regulator.

P.G: Propylene glycol 

C: Piston cylinder 

G.F.M: Gas flow meter 

M. Cyl: Measuring vessel 

P: Differential pressure transducer

The injection data was monitored and controlled from display screen of ISCO 

pump. Experiment was performed in batch so pumps were refilled periodically during the
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course of an experiment and at the start of an experiment. The overall schematic of 

experimental setup to measure relative permeability is shown in Figure 3.2. The main 

components of the experimental set-up are described in detail in the following sections.

3.1.1 The Injection System

The injection system consists of ISCO 500D pumps and piston cylinders. These are 

syringe pumps and have been designed to minimize pulses in the flow. The flow can be 

varied for wide range for constant pressure or constant rate. The suction lines of the 

pumps are connected to the water reservoirs for initial filling and refilling of the system, 

but they can also be connected to the separator (collecting produced fluid) for re

circulating the produced fluids.

The piston cylinders are meant for injecting gas and brine using ISCO syringe 

pump. By switching the valves, as shown in Figure 3.2, either of the fluid can be injected 

from top or bottom of the core holder.

Temperatures of piston cylinders were maintained around ~5 °C. The temperature 

of cylinders can be further lowered for brine to 2 °C. Low temperature of piston cylinder 

(i.e. gas and water temperature) not only increases the rate of hydrate formation (Stem, 

2002) but also decreases the dissociation rate during water/brine flooding. Jacket was 

insulted using glass wool sheet and covered with Aluminium foil to decrease heat loss 

due to radiation. All flow lines were insulated using pipe insulation. Thus, as hydrate 

formation is cold temperature reaction, cold methane injection facilitates the hydrate 

formation at laboratory time scale. Instantaneous pressure, volume and flow rate were 

continuously monitored on display screen of ISCO pump.

3.1.2 The Core Holder

The TEMCO core holder (Rating-3000 psi) for these experiments was designed 

so as to facilitate the cooling of core samples. In all of the experiments performed in this 

study the core was consolidated inside the viton rubber sleeves (15” length, 1.5” diameter 

and 3/8” thickness), supplied by TEMCO. The rubber sleeves also support the
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distribution plug. The distribution plugs have 1/16th inch deep grooves in a spider web 

pattern shown in Figure 3.3. Conventionally nitrogen is used for applying overburden but 

being inert and having low conductivity value, helium was used. Pure laboratory grade 

helium gas (highest conductivity value helps for fast equilibrium attainment) was initially 

used to maintain the overburden pressure but rapid cycles of pressurization and 

depressurization during the course of experiment, led permeation of gas through rubber 

sleeves at low temperature. In order to over-come this problem the dilute propylene 

glycol was filled in annulus of core holder and jacket, above which gas pressure (directly 

from cylinder) was applied to maintain desired confining pressure. The extent of dilution 

of propylene glycol was not a matter of concern since the temperature of the core holder 

was always above ice formation temperature.

Figure 3.3 Distribution plug for core holder

The consolidated core was prepared either by using Oklahoma 100 mesh sand or by field 

samples provided by Anadarko (Hot Ice Well #1 1153 ft depth).Water was used for 

saturating the sand cores. For the Anadarko field sample 2% NaCl (Brine) was used for 

saturating the core plug based on phase study performed by Westervelt, 2004. One and 

half inch cores were selected to improve the saturation and distribution and to restrict 

gravity drainage in vertical core plugs at low flow rates. The core holder was tested for 

confining pressure of up to 2300 psi, to ensure that it was not leaking from the sleeves. 

The stainless steel jacket provided for maintaining low temperature of core was tested in 

laboratory for its effectiveness. Jacket was insulated from environment by glass wool 

sheet and over which rubber sheet was wrapped for increasing the effectiveness of 

insulation. Julabo re-circulator chiller used for regulating core holder temperature can
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either be controlled using RS 232 cable or by front control panel. At equilibrium the 

temperature of core holder and temperature of the coolant are same, so chiller was set to 

the required temperature of core holder. Typ- J of thermocouple was taped around core 

holder jacket to monitor the temperature of core holder.

Initially iron wire mesh was used at the ends in core plug to restrict capillary end 

effects in measurement and avoid sand flow in lines. But methane injection cycle, 

presence of air and water caused the rusting of mesh and contaminated the core. The 

stack of filter paper of thickness around 2-4 mm was used to substitute wire mesh. The 

pressure drop across the core holder was monitored using the differential pressure 

transducer connected to the modulator. The modulator has display range of 0-100 in 

voltage, and was calibrated for experimental pressure conditions.

The core holder is assembled first and then the core of desired length is 

consolidated inside the core holder using core pusher, from the hollow plug at the end of 

the core holder. Then the outlet end plug, which has the production port, is pushed 

against the core holder. This end plug is held in place by a spacer of appropriate length. 

This arrangement allows the use of this core holder for cores from three inches to 12 

inches in length.

3.1.3 The Production System

The production system was designed after several trials. Initially the production unit was 

upstream of the backpressure regulator as Gash et. al. 1991 used for coal samples, right at 

the out let of core holder. This configuration was not only difficult to maintain the 

stability of the balance but created lot of dead volume. This eventually led to the delay 

and inappropriate water and gas production data. Moreover, the balance was unstable 

when the production system was pressurized (to maintain back pressure) before 

conducting experiments. Later, the production system was connected to the outlet of 

backpressure regulator. The outlet of core holder was connected to inlet of back pressure 

regulator. Thus the fluid produced from the core holder passes through a backpressure 

regulator, maintaining certain downstream pressure. The backpressure is controlled by
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applying nitrogen gas pressure on Teflon diaphragm. This regulator can be set for a back 

pressure of 25 psig to 2000 psig. The downstream pressure plays crucial role for hydrate 

dissociation. The pressure value should keep the hydrate stable in experimental 

conditions and prevent any kind of dissociation due to fluid flow. In these experiments 

the back pressure was maintained around 730 psig. The fluids from the back pressure 

regulator enter into a separator maintained at room conditions. The schematic of the 

production system is shown in Figure 3.4. The separator (max volume =527 ml of water) 

was indigenously designed for sustaining high pressure up to 800 psi. It consists of 

stainless steel pipe reducer, welded to close both ends and appropriate openings for the 

inlet and outlet connections. This separator is placed on an electronic balance. The weight 

of the flask is continuously monitored on digital display. The vessel is connected to 

Aalborg Gas Flow Meter (GFM) of range 0-2 SLPM, by rubber tubings. The GFM value 

is continuously monitored on LCD display to confirm stability of hydrate.

From Core Holder

Figure 3.4: The production system

If there was any fluid gain or loss from the system, such as a leak from the 

overburden fluid into the core, or a leakage from the flow system, then the weight of the
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water in the container will change. Thus any leak from the system during the experiments 

can be easily detected.

3.1.4 Data Logging System

The data logging system monitors the syringe pump, differential pressure 

transducer, temperature of core holder, coolant temperature, balance and gas flow meter. 

During the displacement experiments the recovery and pressure drop data is continuously 

monitored and recorded by a personal computer. Appropriate switching valves are 

provided, as shown in Figure 3.1, to select the transducer most suitable for measuring the 

differential pressure. The output from the differential pressure transducer is connected to 

a modulator. The modulator has analog output of 0-10 V which can be digitized to record 

the data directly on a computer. The signal is fed to a PCI 1002 high speed digital data 

acquisition and control unit (data logger). The analog signal from the transducer is 

converted to digital form by the data logger. The Dasylite ™ , data acquisition software,

was used as data logger.

The balance used for measuring the displaced water from the core transmits a 

digital signal directly to the PC over serial lines of RS 232. This data is shown in real 

time on the screen and recorded on the disk. Data from GFM was recorded using I/O 

signal conditioner provided by Aalborg. Signal conditioner transmits the digital signal to 

PC using RS 232 interface.

The program for injection and real time display was written by modifying 

Windmill™ software. The program is menu driven and user friendly. It allows for 

selecting the time interval between each reading during the experiments. The injection 

rate, injection pressure and total volume in pump are displayed on the computer and 

recorded in disk. Thus the differential pressure can also be monitored using the pump 

pressure and backpressure.
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3.2 EXPERIMENTAL PROCEDURE

This section describes the experimental method used for the carrying out unsteady state 

relative permeability measurement on synthetic gas hydrate cores. Basically, two 

different types of sediment samples were tested in the developed set-up, which included 

Oklahoma 100 mesh sand and field sample from Anadarko’s Hot Ice # 1. The fluids used 

were water (wetting phase) and methane (non-wetting phase) for sand cores. For the 

Anadarko field sample in place of water, 2% NaCl (Brine) was used for saturating the 

core plug based on phase behavior study performed by Westervelt, 2004. A step wise but 

generic experimental procedure is described in the following sub-section.

3.2.1 Initial Core Saturation
Core was consolidated inside the core holder at room temperature. Core plug was made 

from either Oklahoma 100 mesh sand or field samples obtained from Anadarko Hot Ice 

Well #1. The dry weight of sand was measured and length of core inside the core holder 

was noted. The core is consolidated between the two distribution plugs. The filter papers 

were used at both ends to prevent flow of sand in lines. Overburden of around 150-200 

psi (300-400 psig for field samples) was applied to ensure high porosity of core plug. 

Consolidated core was then flooded with liquid (water/ 2% brine) at low flow rate to 

completely saturate the core. Approximately 10-15 pore volume of liquid is used to 

saturate the core plug. The flow rates of saturation were decided based on the type of 

sample. For field samples flow rate used were as low as 0.04 ml/min.

3.2.2 Hydrate Formation in Core Holder
Hydrate formation in porous media and their stability was crucial and important aspect of 

this experiment. Saturated consolidated core was closed from both ends using valves and 

overburden pressure was increased to —1300 psig or 200 psig above the pore pressure for 

which hydrates are desired to be formed. The core holder acts as closed system and 

increasing the overburden pressure does not decrease the pore volume. Valve connecting 

methane piston cylinder (Temp = 4.5 °C) to upper distribution plug was opened and high
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pressure cold methane (950-1250 psig) was allowed to enter the core plug, creating high 

pore pressure inside the core. The pump connected to piston cylinder can either be put in 

constant pressure or constant volume mode. The methane pressure is desired pressure at 

which hydrates are meant to be formed. Higher pressure of methane increases the rate of 

hydrate formation. The suitable experimental pressure values were obtained by 

Westervelt’s (2004) experiment on phase behavior study for North Slope hydrate stability 

zone.

Once the methane pressure or volume of piston cylinder is stabilized the water 

pump was set to refill mode to collect predetermined amount of water from the core. It 

was observed that optimum rate (1.5ml/min) of refilling helped in good distribution of 

hydrates in the core holder. The uniform distribution of methane in core holder reduced 

the laboratory time to form the hydrates in core holder. This method of collecting 

predetermined amount of water is useful when gas break through does not occur. The 

Figure 3.5 shows key component involved in collecting predetermined amount of water 

during the experiment.

Figure 3.5: Key Components involved in collecting water

In case when gas break through occurs i.e. when low hydrate saturation, Sh in 

porous media is desired, water should be collected in the separator placed upstream of 

back pressure regulator. The outlet valve of core holder is opened to back pressure 

regulator connected to separator. The separator is kept over balance giving the amount of 

water displaced by gas or collected during the process. As soon as the desired amount of
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water is collected, the outlet valve is closed. In this process high back pressure value, 

ensures optimum displacement rate and efficient distribution of gas in the core plug. 

Since there is no agitation inside the core plug efficient distribution of methane plays 

important role in rate of forming hydrates in porous media.

The amount of water collected by pump or separator determines the hydrate 

saturation in the core plug. As pressure or volume of methane in cylinder stabilizes, the 

temperature of core holder was gradually (4-5 °C/hr) reduced to ~2.0 °C. This 

temperature is just above ice formation temperature (around — 1.1 °C) at high pressure 

conditions. As temperature is reduced there is a sharp decline in pressure or volume of 

methane cylinder due to hydrate formation. The formation can be done at constant 

pressure or constant volume of methane gas in cylinder. An example plot for such 

experiment is shown in Appendix B. Low temperature facilitated the hydrate formation 

(hydrate formation is cold temperature reaction) but reducing the chances of ice 

formation. Ice formation results in retarded rate of hydrate formation. Although hydrates 

can be formed using ice (Stem et al, 2002) but the reaction time is extremely large and 

restricted by surface-volume ratio of methane to ice.

The accurate temperature of core plug could not be measured since the 

thermocouple probe was outside the cell. The P-T temperature condition for stability was 

not a part of this study and was carried out separately by Westervelt, 2004 in the same 

laboratory. Apart from above method, hydrates were formed using frost and sediment as 

described by Nadem, 1988. This method was not efficient and time required for complete 

conversion was very large as observed by Nadem, 1988. Once hydrates were formed in 

the core holder single phase flooding was carried out to remove un-reacted water or brine 

and saturated the core plug with water or brine.

3.2.3 Single Phase Flooding

In this stage, gas and water flooding was carried out to measure effective permeability for 

hydrate saturation. After confirming that hydrates were formed in the porous media, the 

outlet valve leading to back pressure regulator was opened. The cold methane gas was
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allowed to flow through the sample at constant differential pressure. The back pressure 

regulator was adjusted to pressure of 720 ~ 800 psi. Hydrate formation is equilibrium 

reaction between methane and water and laboratory time scale is not sufficient to convert 

all water to hydrates. Hence, the gas flooding was carried out to remove any un-reacted 

water during hydrate formations. Mobile water was collected in the vessel and amount 

was monitored using electronic balance. Hydrate saturation value was determined by 

performing material balance of water. The gas flooding was performed for long time to 

ensure that there is no free water left in the system. Reduced flow rate of gas in flooding 

is observed due to permeability reduction across the core, which is another way to 

confirm hydrate formation in the core plug. During gas flooding the temperature of core 

holder was held at 2.0°C. After ensuring that there is no free water available in system, 

valves were reversed for water flooding across the core plug. Water flooding was carried 

out at constant flow rate or at constant pressure using Syringe pump and piston cylinder. 

From bottom of core the cold water (T= 5 °C ) was injected, displacing the excess and 

free gas in the core plug. Low temperature and low water flow rate retarded the hydrate 

dissociation (simulating field conditions). Hydrate dissociation was closely monitored 

using gas flow meter. Outlet volume of water was monitored by electronic balance. 

Difference in injected and collected water amount, was the porosity of porous medium in 

presence of hydrate. Approximately 15-20 pore volume of water is injected. Difference 

in water injected and water produced is the pore volume of core plug. Since the porosity 

is significantly reduced due to hydrate formation the absolute amount of water inside the 

core plug is small. There is high probability of dissociation of hydrates due to differential 

pressure across core plug, so gas production rate was monitored closely. Sudden increase 

in gas production rate is indication of hydrate dissociation. But it was found at low 

injection rates the hydrates were stable to carry out further displacement experiment.

3.2.4 The Displacement Experiment:
After the termination of the single phase flooding with water, the partially hydrate 

saturated sediment sample was ready for a gas injection. As part of this particular step,
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gas-water displacement test could be carried out thus ultimately allowing the 

determination of relative permeability in hydrate saturated sediment. In other words, once 

the core plug was completely saturated with water, gas was injected to displace and 

evaluate relative permeability from production data using JBN (1959) method as shown 

in Appendix D.

In order to maintain the stability of hydrates the injection of gas is carried out at 

the hydrate formation pressure. The production of gas and water is monitored. The 

injection of gas is continued well beyond the point of zero water production in order to 

allow the calculation of effective permeability to gas at irreducible water saturation. The 

cold methane gas can also be injected at constant flow rate, but care should be taken that 

the time required for pressure buildup is small or it may lead to more hydrate formation. 

As far as saturation changes in the displacement experiment are concerned they can be 

best explained by Figure 3.6 (a to d)

H

Figure a: Consolidated porous media

4>Sh (j)Sg

Figure b: Consolidated porous media in presence of hydrate

<t>Sh <j)Sw

Figure c: Consolidate porous media with hydrate after water flooding.

4>sh (j)Sw <J)Sg

Figure d: Consolidated porous media with hydrate, gas and water saturation 

Figure 3.6: Different stages of core plug saturation during experiment

In order to confirm that the hydrates were not dissociated during the experiment 

core lower valve (Figure 3.1) was closed and temperature of system was increased.in the
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The upper valve was opened to gas flow meter and rate of gas produced was monitored 

for pore pressure equivalent to hydrates. As temperature increases to around 8-10 °C, a 

sudden increase in production rate is observed. This confirmed the presence of hydrate in 

core during the displacement experiment. After completion of experiment gas was again 

flooded through core holder to remove the dissociated water. The displaced water also 

gives the approximate idea of volume of hydrates present during the course of 

experiment.
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CHAPTER 4 

RESULTS AND DISCUSSIONS

The results obtained on the gas-water relative permeability for hydrate systems using the 

unsteady state process are discussed in this section. In unsteady state process, gas 

saturations were obtained based on fraction of mobile water. The unsteady state relative 

permeability data were calculated using the Johnson et al (1959) method. The unsteady 

state models for determining relative permeability assume two conditions that must be 

achieved. First, the flow velocity must be high enough to achieve stabilized displacement 

and second, the velocity must be constant at all cross sections of the laminar porous body. 

Due to uncertain hydrate distribution in the core plug these basic assumptions are 

violated while analyzing core samples. However this research effort was intended to 

study the significance of the simplified assumptions. Additional research would validate 

these results by unsteady state mathematical models.

In addition, hydrate formation and dissociation test were performed in order to 

confirm the hydrate formation in the sediment by this method. The temperature 

corresponding to the dissociation conditions were compared with literature value.

4.1. PERMEABILITY OF HYDRATE SATURATED POROUS MEDIA

The first experiment that was carried out using the experimental set-up designed and 

developed as part of this study was simple gas-water relative permeability test with-out 

the presence of hydrates. The simple gas-water relative permeability tests were carried 

out to validate the experimental set-up and gain confidence in the determination of 

relative permeabilities. These simple two phase relative permeabilities were measured for 

both the Oklahoma 100 mesh sand sample as well as the field sample from Anadarko’s 

Hot Ice # 1. These results are provided in Appendix A.
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After successful measurement of simple two-phase relative permeabilities, gas- 

water relative permeability measurements in the presence of hydrates were carried out on 

both the Oklahoma sand sample as well as the Anadarko field sample. All measurements 

were carried out as per the experimental procedure described in the previous chapter. The 

gas-water relative permeabilities were measured for the Oklahoma sand sample for 

hydrate saturation varying from Sh =5 % to 36 %, whereas for the Anadarko field sample 

hydrate saturation was varied from Sh — 7 % to 31 %. All the basic results /data such as 

effective permeability and porosity are presented in Tables (4.1 to 4.9), whereas relative 

permeability data are reported in Figures (4.1 to 4.6) for sand cores and Figures (4.10 to 

4.12) for Anadarko field samples. The hydrate formation and dissociation data and the 

production data for relative permeability experiments can be found in Appendix B and C 

respectively. The ratio of effective permeability to gas and water for both the samples is 

shown in Figure (4.7 and 4.13). A sample calculation for Anadarko field sample is shown 

in Appendix D. The characteristics of the various data obtained as part of the relative 

permeability testing is discussed in section 4.2.
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Table 4.1: Basic data for gas-water relative permeability measurements at 5 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pj, psi 925 940

Outlet Press, P0, psi 736 736

Confining Pressure, psi 1200

Porosity and Permeability

Porosity, <D 0.16324

Water GAS

Kefr, md 0.2670 0.007105

Kabs> md 198
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0.000 0.200 0.400 0.600 0.800 1.000
Gas Saturation, Sg

Figure 4.1: Gas-water relative permeability data for Oklahoma 100 mesh sand
sample. Flydrate saturation Sh = 5 %.
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Table 4.2: Basic data for gas-water relative permeability measurements at 10 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 3.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 920 1000

Outlet Press, P0, psi 740 740

Confining Pressure, psi 1250

Porosity and Permeability

Porosity, O 0.11

Water GAS

Keff, md 0.1330 0.00182

Kabs, md 185.0
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Gas Saturation, Sg
Figure 4.2: Gas-water relative permeability data for Oklahoma 100 mesh sand

sample. Hydrate saturation Sh = 10 %.
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Table 4.3: Basic data for gas-water relative permeability measurements at 17 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.0

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 925 965

Outlet Press, P0, psi 700 700

Confining Pressure, psi 1200

Porosity and Permeability

Porosity, O 0.1072

Water GAS

IQff, md 0.25248 0.00305

Kabs, md 200.0
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Gas Saturation, Sg
Figure 4.3: Gas-water relative permeability data for Oklahoma 100 mesh sand

sample. Hydrate saturation Sh = 17 %.
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Table 4.4: Basic data for gas-water relative permeability measurements at 23 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 1050 1000

Outlet Press, P0, psi 725 725

Confining Pressure, psi 1250

Porosity and Permeability

Porosity, O 0.1004

Water GAS

Keff, md 0.1385 0.00323

Kabs, md 200.0
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Gas Saturation, Sg
Figure 4.4: Gas-water relative permeability data for Oklahoma 100 mesh sand

sample. Hydrate saturation Sh = 23%.
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Table 4.5: Basic data for gas-water relative permeability measurements at 29 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 960 1050

Outlet Press, P0, psi 736 736

Confining Pressure, psi 1200

Porosity and Permeability

Porosity, O 0.094

Water GAS

Kefr, md 0.1874 0.00273

Kabs, md 198.0
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Gas Saturation, Sg
Figure 4.5: Gas-water relative permeability data for Oklahoma 100 mesh sand

sample. Hydrate saturation Sh = 29%.
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Table 4.6: Basic data for gas-water relative permeability measurements at 36 % hydrate

saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 1125 1280

Outlet Press, P0, psi 736 736

Confining Pressure, psi 1500

Porosity and Permeability

Porosity, <f> 0.094

Water GAS

Keff, md 0.2074 0.00213

Kabs, md 200.1
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Gas Saturation, Sg
Figure 4.6: Gas-water relative permeability data for Oklahoma 100 mesh sand

sample. Hydrate saturation Sh = 36 %.
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Hydrate Saturation,Sh
-»-(Kw)/(Kg) -a-G as Permeability,Kgeff -a-W ater Permeability, Kweff

Figure 4.7: Ratio of effective permeability to gas and water for different hydrate 
saturation values for the Oklahoma 100 mesh sand samples.
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Figure 4.8: Water relative permeability data at different hydrate saturation for 
Oklahoma 100 mesh sand sample.
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Hydrate Saturation,Sh
-*-Sg=20% -g-Sg=40% -*-Sg=60%

Figure 4.9: Gas relative permeability data at different hydrate saturation for Oklahoma
100 mesh sand samples.
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Table 4.7: Basic data for gas-brine (2%) relative permeability measurements at 7 %

hydrate saturation for Anadarko field sample.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pi, psi 940 900

Outlet Press, P0, psi 800 800

Confining Pressure, psi 1200

Porosity and Permeability

Porosity, ® 0.119

Water GAS

Keff, md 0.0887 0.00742

Kabs, md 20.0
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Gas Saturation, Sg
Figure 4.10: Gas-brine (2%) relative permeability data for Anadarko field sample.

Hydrate saturation Sh -  7 %.
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Table 4.8: Basic data for gas-brine (2%) relative permeability measurements at 21 %

hydrate saturation for Anadarko field sample.

Dimensions of core sample

Length, in 5.0

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pj, psi 960 1050

Outlet Press, P0, psi 725 725

Confining Pressure, psi 1300

Porosity and Permeability

Porosity, O 0.1098

Water GAS

Keff, md 0.6382 0.00124

Kabs, md 20.0
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Gas Saturation, Sg
Figure 4.11: Gas-brine (2%) relative permeability data for Anadarko field sample.

Hydrate saturation Sh = 21 %.
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Table 4.9: Basic data for gas-brine (2 %) relative permeability measurements at 31 %

hydrate saturation for Anadarko field sample.

Dimensions of core sample

Length, in 5.0

Diameter, in 1.5

Differential pressure data for effective permeability

2 % Brine GAS

Inlet Press, Pj, psi 1000 1400

Outlet Press, P0, psi 825 825

Confining Pressure, psi 1550

Porosity and Permeability

Porosity, ® 0.07848

2 % Brine GAS

Ken, md 0.0704 0.00084

Kabs, md 20.0
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Gas Saturation, Sg
Figure 4.12: Gas-brine (2%) relative permeability data for Anadarko field sample.

Hydrate saturation Sh = 31 %.
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•Kw/Kg -B- Water permeability,Kweff Gas Permeability, Kgeff

Figure 4.13: Ratio of effective permeability to gas and brine (2%) for different hydrate
saturation values for the Anadarko field samples.
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Sg=20% -&-Sg=40% -e -Sg=60%

Figure 4.14: Brine (2%) relative permeability data at different hydrate saturation for
Anadarko field samples.
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Figure 4.15: Gas relative permeability data at different hydrate saturation for
Anadarko field samples.
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4.2. Discussion on the Experimental Results
Gas hydrate can be created in a variety of ways in the laboratory. It can be formed 

in a bulk or in a porous media. However, it is presently unclear which laboratory methods 

and facilities produce results that accurately simulate in-situ conditions, such that 

measured properties can be used to model geologic settings. Natural conditions probably 

form gas hydrate more slowly than many laboratory techniques. In this study after 

conducting several experiments it was found that, key factors for successful synthesis of 

methane hydrate in porous media appear to be highly dependent on those aspects that 

influence the availability, mass transfer, and concentration of gas-hydrate forming species 

at the growth front. These factors include elevated pressure conditions, and a high 

surface-to-volume ratio of the reacting grains to minimize the thickness of the developing 

hydrate layer through which the reactants must pass. Low surface to volume ratio of 

porous media and insufficient rate of heat transfer may result in unstable hydrates which 

may dissociate during water injection. In other words, type of porous media and 

conditions used to form gas hydrate play crucial role in determining type of hydrate 

interaction with a porous media (pore filling, pore coating etc). Under certain 

circumstances, areas of localized lower pore pressure correspondingly affect physical 

properties. Typically, gas hydrate formation in permafrost zone will certainly decrease 

effective permeability more than just gas hydrate formation. This difference in effective 

permeability may enable modeling in areas that contain a combination of permafrost and 

gas hydrate to differentiate between the different materials. Although based on different 

method used, different lab methods can derive relative permeability results entirely 

different from this and certainly much variation exists in the properties of sediment (for 

our case Anadarko field samples) that contain natural gas hydrate.

In the Earth, efficient transport of free gas in faults can bypass surrounding 

sediments, but when a fault intersects a layer of coarse sand beneath a permeability 

barrier, the gas can spread horizontally to produce a hydrate horizon. In the case when 

hydrate formation is from low fluxes of dissolved methane the growth habit and 

corresponding permeability reduction still remains open question (Nimblett and Ruppel,
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2003). Results in this study are related to situations in which water in medium to coarse

sediments is exposed to free methane in which hydrate will fill the largest pore spaces. As 

a result there is non-uniform (or zonation) hydrate saturation in the porous media, as

lead to rapid permeability reduction (compared to no hydrate saturation) and capillary 

sealing with respect to free gas. Thus disseminated hydrates in system will be self 

limiting for fluid flow.

The results presented in Figure 4.7 and 4.13 shows that the effective permeability 

of samples, partially saturated with hydrates, generally tends to decline as saturation 

increases. The decreasing effective permeabilities, however, do not follow any particular 

decline or trend. Thus the effective permeability is not only a function of hydrate 

saturation, but also the type of hydrate formation, grain structure and hydrate distribution 

in porous media. Moreover, a small change in water content would also influence 

effective permeability. Every time the hydrate saturation is increased it may result in a 

new porous media which may have unique permeability characteristics.

The Figure 4.7 and 4.13 shows that the core samples has reduced effective gas 

permeability compared to effective water permeability and similar observations were 

recently made by Kleinberg et al 2003. The solid hydrates are not expected to move 

under any reasonable pressure gradient and hydrate can be thought of as an immobile

shown in Figure 2. Moreover, in consolidated media sediments such growth habit will

Possible hydrate zonation

v Water collection

Figure 4.16: Possible hydrate zonation in the sample
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phase which offers additional resistance to fluid flow. Hence effective permeability 

decreases as saturation increases. Growth of hydrates in the largest pore bodies permits 

rearrangement of mineral grains and leaves connected water paths through the sediment. 

These are the conditions required for the growth of hydrate nodules and lenses. And thus 

water permeability is expected to be more compared to gas which was confirmed in this 

study. Moreover, the water injection and pressure gradient causes some dissociation and 

may be rearrangement of hydrates leading to gas production and will also lead to increase 

in permeability for water compared to gas. During displacement the possibility of the 

restructuring of hydrates cannot be ruled out, leading to significant reduction in gas 

relative permeability.

The relative permeabilities of formations to the flow of water and gas also depend 

crucially on how hydrate forms in the pore space of rock and sediment. These 

experiments were carried out at low temperature (like field conditions) at very low flow 

rates to preclude the possibility of extensive dissociation. Relative permeability values in 

this study vary over a wide range with hydrate saturation. It is well known that gas is 

non-wetting and is thus “pore filling” as opposed to “pore coating”. So, another reason 

for wide range may be, as gas saturation increases (crossing some critical value) in 

presence of water and hydrates there is some possibility of nucleation of hydrates and so 

complete change in pore structure. At present nucleation phenomenon of hydrates in 

presence of porous media is still topic of research.

However in order to better understand the effect or impact of hydrate saturation 

on gas-water relative permeabilities, plot of hydrate saturation vs. relative permeability 

for iso-gas saturation were also constructed. These results are shown in Figure 4.8, 4.9, 

4.14 and 4.15, which includes both the Oklahoma 100 mesh sand sample and the 

Anadarko field sample. As seen in Figure 4.8 and 4.14, the water relative permeabilities 

demonstrate a rather well defined trend of decreasing relative permeability. A similar 

trend is also seen for the gas relative permeability in case of Anadarko field sample, i.e. 

Krg values decrease with increasing hydrate saturation. A lot of scatter in the data is 

however, observed in Oklahoma 100 mesh sand sample. The results plotted in Figure 4.8,



74

4.9, 4.14 and 4.15 would be somewhat analogous to comparing the relative permeability 

characteristics of different porous media, however with an additional phenomenon of 

hydrates offering further increased resistance generally reducing the relative 

permeabilities. A possible reason for the observed behavior of gas relative permeabilities 

as a function of hydrate saturation could also be attributed to rock properties such as pore 

size distribution and wettability characteristics and more over the distribution of hydrate 

saturation in the pore space. However considering the limited amount of data, it is not 

possible to offer any sound theoretical explanation to the scatter of Krg for different 

hydrate saturation in the case of the Oklahoma sand sample. When additional data is 

available, it may be possible to rule out some of the variables mentioned above.
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
Based on this study, the following main conclusions can be drawn

1. An apparatus for measurement of gas-water relative permeability was 

successfully designed and constructed. The experimental set-up was validated by 

first measuring the relative permeability for gas-water system without the 

presence of hydrates.

2. Hydrates were successfully formed by new method in core holder, based on 

which relative permeability measurements were carried out using both sand and 

field samples obtained from Anadarko Hot Ice # 1

3. The type of hydrate growth influences the mechanism of deposit formation and 

therefore the gross morphology of hydrate occurrence. It not only depends on a 

number of sediment parameters, including grain size, porosity, structure, but also 

parameter such as non-uniform dissociation, fluid parameters such as viscosity

but also the method of forming hydrates.

4. It is evident that the relative permeability inferred from unsteady state core 

floods conducted in this study is a lumped parameter which not only includes 

hydrate saturation but also the effects of dissociation instabilities caused by fluid 

flow, fines migration due to gas production and local compaction in porous

media at low temperature.
5. These relative permeability curves generated in the laboratory for sand samples 

and Anadarko field samples would, to some extent describe the field behavior of 

two phase flow in the presence of hydrates and would help in effective reservoir 

modeling for gas production from hydrate formation.
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5.2. Recommendations
1. The gas-water relative permeability data for gas hydrate systems, obtained in the 

first phase is primarily for reconstituted sediment samples. However, we are still 

lacking the realistic gas-water relative permeability data for hydrate systems for 

actual field samples. Obtaining such data will be feasible only if sediment 

samples from objective field areas are obtained. Moreover, this is very crucial as 

far as the reservoir simulation work is concerned, as gas-water relative 

permeability data provides direct input to reservoir and fluid flow modeling.

2. Unfortunately, the growth and dissociation of hydrates in presence of fluid flow 

are not yet fully known. Therefore, in the random hydrate distribution process 

these relative permeability curves can be predicted by additional experimental 

measurements. Hence, there is a need to conduct the laboratory displacements in 

a fully scaled model of the field-scale displacement to predict the functional 

relationship between permeability, porosity, structure discontinuities, tortuosity, 

fluid parameter such as viscosity and dissociation in-stability.

3. The relative permeabilities of formations to the flow of water and gas depend 

crucially on how hydrate forms in the pore space of rock and sediment. Good 

relative permeability estimates are central to the accuracy of reservoir simulators, 

which are used to predict how hydrate reservoirs respond to changes in 

temperature and pressure.

4. Additional relative permeability tests should be performed at different 

temperature conditions which would significantly contribute to our 

understanding of relative permeability characteristics of hydrate systems.
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TWO PHASE RELATIVE PERMEABILITY DATA

In order to validate the designed and developed relative permeability set-up 

simple two phase relative permeability data (without hydrate) was also determined for the 

Oklahoma 100 mesh sand sample and Anadarko’s field sample. The experimental 

procedure was same as that discussed in chapter 3. The two sets of gas-water relative 

permeability are presented in Figure Al and A2

Gas Saturation, Sg

Figure A l: Gas-water relative permeability curve for consolidated core of coarse sand
(Kabs=220md)
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Gas Saturation,Sg

Figure A2: Gas-water relative permeability curve for consolidated core of field 
sample from Anadarko Hot Ice Well # 1 (1157 ft) (Kabs= l 8.89md)
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HYDRATE FORMATION AND DISSOCIATION DATA

Appendix B

Time,min

Figure B1: Methane Cylinder Pressure Change due to Formation and 
Dissociation of Hydrate in Sand (Dissociation Temp ~ 7.6 C)

Tim e, min

Figure B2: Methane Cylinder Volume Change due to Formation and Dissociation 
of Hydrate in Sand (Dissociation Temp ~ 8.0 C and Constant Press = 726 psi).



Time, min

Figure B3: Methane Cylinder Volume Change due to Formation of hydrates
Anadarko Field Sample



Appendix C

92

PRODUCTION DATA FOR RELATIVE PERMEABILITY MEASUREMENTS

1. Production Plot for Relative Permeability Measurement of Oklahoma 100 Mesh Sand 

Sample.

0.00 20.00 40.00 60.00 80.00 100.00
Time, min

 Gas Injected -  -  Water Produced

Figure C l: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 5%)

Time, min
 Gas Injected -  “ Water Produced

Figure C2: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 10%)
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Time, min
 Gas Injected ■ -  Water Produced

Figure C3: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 17%)

 Gas Injected ■ ~ Water Produced

Figure C4: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 23%)
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0.00 50.00 100.00
Time, min

150.00 200.00

— -G as Injected -  -  Water Produced

Figure C5: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 29 %)

Time, min
|— Gas Injection -  -  Water Produced |

Figure C6: Production curve for relative permeability measurement of consolidated 
core of Oklahoma 100 mesh sand sample. (Sh = 36%)
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2. Production Plot for Relative Permeability Measurement of Anadarko field samples.

Time, min 
 Gas Injection - - Water Produced

Figure C7: Production curve for relative permeability measurement of consolidated 
core of Anadarko field samples. (Sh = 7%)

—  Gas Injected -  -  Water Produced

Figure C8: Production curve for relative permeability measurement of consolidated 
core of Anadarko field samples. (Sh = 21%)
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1 Gas Injected - -  Water Produced

Figure C6: Production curve for relative permeability measurement of consolidated 
core of Anadarko field sample. (Sh = 31%)
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EFFECTIVE PERMEABILITY AND RELATIVE PERMEABILITY SAMPLE

CALCULATIONS

Table D1: Basic data for gas-water relative permeability measurements at 5% hydrate 
saturation for Oklahoma 100 mesh sand.

Dimensions of core sample

Length, in 5.5

Diameter, in 1.5

Differential pressure data for effective permeability

WATER GAS

Inlet Press, Pj, psi 925 940

Outlet Press, P0, psi 736 736

Confining Pressure, psi 1200

Porosity and Permeability

Porosity, ® 0.16324

A) Effective Permeability Calculation

Darcy’s law was used to obtain effective permeability for water (or brine) for hydrate 

saturated porous media.

For water,

QwMwLK  „a — '
AP A (i)

^w.eff = Effective permeability to water in darcy’s 

gw = Water injection rate in cc/sec or ml/sec
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p,w = Viscosity of water in centipoises (1 cp)

L = Sample length in centimeter

APw = Differential pressure of water in atm
t 2

A = Cross-sectional area in cm

Sample calculation

  ___________ UU_______________ _________
eeff ~ ((925 -  736) x 0.06804) * ( ^  x (1.5 x 2.54)2)

0 17—  x lx  (5.5x2.54) 
60  _ = 0.2699 x 1 O'3 d  0.2699

The following equation was used for gas permeability measurements,

_ 2PtfgMgL
gejr ...............................

Kg Cff = Effective permeability to gas in millidarcy’s (md) 

qg = Water injection rate in cc/sec or ml/sec

pw = Viscosity of gas in centipoises for that pressure and temperature in cp

L = Sample length in centimeter

Pavg ~Average pressure in the core holder in in atm

Pi,P2 = Inlet and outlet pressure across core plug respectively in atm
* 2A = Cross-sectional area in cm 

For above example,

Viscosity, pg =0.0116 cp for this average pressure and temperature.

Effective permeability,

K
(2 x 940 x 0.06805) x ° '3% 0 x 0.0116 x (5.5 x 2.54)

K „ =0.007105 x 10 '3 d = 0.007 lmdSeJJ
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Klinkerberg correction for gas permeability is not required since the experiments were 

conducted at high pressures.

B) Relative Permeability Calculation (JBN method (1959))

Them method of JBN can be summarized in three steps. First, the outlet gas saturation at 

the outlet face of the rock sample is obtained by following equation,

Second, the relative permeability at the outlet of the rock sample is obtained by 

differentiation involving what is termed by JBN the relative injectivity, Ir

This equation can be simplified to,

K = K I 2 ................................  (vf
" ' d&X.

Here, KrWj max is the relative permeability of the displaced phase at its initial saturation, 

measured relative to the intrinsic or total permeability of the rock. It the rock sample is 

initially saturated with water then, Krw, max equals to unity. The relative injectivity Ir is 

defined as the ratio of v/AP at the time to (v/AP)i just before the start of injection of the 

water when the pore volume of the rock was filled with water and gas Sgi 

And finally the relative permeability of rock at the outlet of the rock sample is calculated

(iv)

(v)

r JQ Jr

(vii)
Mg dQ«v 

d<2,

Where.
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Qgi = Pore volume of gas injected 

Qwp= Pore volume of water produced 

p. = Viscosity

Three point numerical scheme for differentiating unequally spaced data,

s ( x  )  2 x ~ x ‘
= 11 ( x «-i - x i ) ( x ,-i  -

dx 2x  -  x , -  x,
£ (* i+ i )

( * i+1 -  -  x , )

+ g ( * , ) — x ‘~'  * ' +1 +
(*,  -  ) (x,  -  X,. + 1)

(viii)

Example of method,

Viscosities 

pw, cp= 1.0 

pg, cp = 0.0116

Table D2: Sample Calculation for Relative Measurement of 5 % hydrate saturation sand

Qgi Qwp V, ml/min
samp

Ir
e using JB'

l/(QgiIr)

''J methoc

V Q * d()/d0 Knv K rg

0.30 0.25 0.14 0.7630 4.2596 3.250 0.5825

0.42 0.30 0.16 0.8720 2.7107 2.363 0.6317 0.282 0.0043

0.57 0.36 0.18 0.9810 1.7670 1.733 0.7306 0.242 0.0060

0.78 0.42 0.20 1.0900 1.1636 1.268 0.8185 0.207 0.0075

1.03 0.48 0.22 1.1990 0.8032 0.963 0.8667

Where,

V = Flow rate of gas injected, ml/min

d

d()/d()
\Qgi J

d
yQgJr J


