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ABSTRACT

An equation of state (EOS) software module was developed for CH4, C 02, and CH4-C02 

gas hydrates using the van der Waals-Platteeuw model. The model is based on classical 

thermodynamics and is used to predict the thermodynamic behavior of gas hydrates 

including the pressure and temperature at which gas hydrates form. A numerical scheme 

was developed for solving I-H-V, Lw-H-V, and Lw-H-Lhc equilibrium conditions for bulk 

hydrate formation from pure water and hydrocarbon. The model was further extended to 

determine hydrate equilibrium conditions in the presence of porous media of different 

radii. The numerical scheme was modified to account for the effect of salt on hydrate 

phase equilibrium. The results obtained from the model were in close agreement with the 

experimental data reported in literature. The main contribution of this work is that the 

proposed model can predict hydrate dissociation pressures at temperatures above 285 K 

more accurately than any of the available models.
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CHAPTER 1 

INTRODUCTION

1.1 Introduction

Methane hydrates are clathrate structures that trap methane molecules in a solid ice-like 

phase, and are formed under conditions of high pressure and low temperatures. Hydrates 

have been discovered worldwide in places where low temperatures and high pressure 

coexist. Conditions for formation of these structures exist on sea bottoms, as well as 

under permafrost areas. Gas hydrates have been confirmed or inferred in polar regions, 

along continental margins, and in deep sea sediments. 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.

Natural gas hydrates are viewed as a potential resource with estimated reserves of 

methane as much as 300 times those of conventional gas reserves in the USA (Sloan, 

1998). Collette (2001) reported world estimates of gas hydrates to be 100,000 to 3 x 109 

tcf and 110,000-270,000,000 tcf in arctic and marine environments, respectively. 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. However, there are significant practical and 

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

considered.

Conventional methods of methane recovery from gas hydrate deposits include 

depressurization, thermal stimulation, inhibitor injection, or a combination of these 

methods. Depressurization is the most often considered method for commercial
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production of hydrates (Sloan, 1998). It can effectively dissociate gas hydrate but the 

endothermic nature of the hydrate decomposition will decrease reservoir temperature, 

which may temporarily lower production rate. Thermal stimulation provides heat 

required to dissociate hydrate but with some unavoidable heat loss to the host rock. 

Another method that has been discussed for gas hydrate production involves the injection 

of CO2 . Global warming is a growing concern as the effects can be seen more prevalently 

as the climate continues to change. Anthropogenic carbon dioxide is a known green

house gas and its release during combustion is one of the most predominant factors 

affecting the atmosphere. Global energy predictions show increased levels of 

consumption, which suggests greater emission and concentrations of CO2 in the 

atmosphere in years to come. There are various proposals being put forth to reduce CO2 

emissions, such as deep storage, EOR processes, and storage in or near natural gas 

hydrate fields.

The idea of swapping CO2 for CH4 in gas hydrates was first advanced by Ohgaki et al. 

(1996). Their concept involves injecting CO2 gas, which is then allowed to equilibrate 

with methane hydrate along the three-phase equilibrium boundary. Because of the 

difference in chemical affinity for CO2 versus methane in the si hydrate structure, the 

mole fraction of methane would be reduced to approximately 0.48 in the hydrate and rise 

to a value of 0.7 in the gas phase at equilibrium. However, Ohgaki et al. (1996) didn’t 

address the important issue of the kinetics of the reaction. The first attempt to do so was 

performed by Uchida et al. (2001). Using a Raman spectroscopic method, they confirmed 

the guest-molecule swapping reaction at the solid-gas interface. Although the authors did 

not directly address the issue, their results suggested that the exchange mechanism was 

slow with induction times requiring several days.

Recently, the measurement of mass transfer rates of CO2 penetration through CH4 was 

carried out by White (2003). This study confirmed the thermodynamic favorability of 

swapping CO2 for methane. However, the exchange rates deeper into the gas hydrate 

were found to be very slow. The calculated rates of CO2 penetration into the methane 

hydrate were only about 0.25, 0.55, and 1.3 mm/hr at 0, 2.5, and 4.5°C, respectively. As
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most gas hydrate reservoirs of interest are in porous media, the additional tortuosity 

imposed by the sediment would reduce the measured exchange rates by Vi to % of the 

rates measured for bulk gas hydrate. In addition, recovered methane would be 

contaminated with significant amounts of CO2 that would have to be removed by 

cryogenic distillation or some other energy intensive separation method.

McGrail et al. (2004) proposed a new concept for enhanced gas hydrate recovery 

(EGHR). The process takes advantage of the physical and thermodynamic properties of 

mixtures in the H2O-CO2 system combined with controlled multiphase flow, heat, and 

mass transport processes in hydrate-bearing porous media. It involves injection of a CO2- 

water microemulsion in hydrate bearing porous media at a temperature higher than the 

stability point of methane hydrate. It decomposes the crystalline methane hydrate lattice 

and releases the enclathrated gas. Sensible heat of emulsion and heat of formation of the 

CO2 hydrate provides a low grade heat source for further dissociation of methane 

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

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

1.2 Objective of Study

In order to determine the feasibility of this method on a field scale, a STOMP-CO2 

(White and McGrail, 2003) simulator is being used. However, this simulator is not 

designed to account for the hydrate phase. The main purpose of this work is development 

of a thermodynamic model for gas hydrates to incorporate in STOMP. The objectives of 

the work are outlined below:

1. Development of a thermodynamic model to describe phase equilibrium for CH4 

and CO2 and CH4-CO2 mixed hydrates, since experimental results indicate the 

possibility of formation of mixed hydrates.

2. Modification of the model to account for the effect of salinity on hydrate 

equilibrium.

3. Development of a model to describe hydrate equilibrium in porous media.
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CHAPTER 2 

LITERATURE REVIEW

2.1 Gas Hydrates: An Overview

Gas hydrates were first noted as a scientific curiosity by Sir Humphrey Davy in about 

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

environment in his laboratory. The interest in the study of gas hydrates in connection 

with the petroleum industry arose with the development of the modem oil industry in the 

1930’s. The development of gas transport pipelines led to certain instances of plugged 

gas transportation pipelines. The cause of the blockage was discovered to be gas 

hydrates. Hammerschmidt (1934) was one of the pioneers in researching the pipeline- 

plugging effects of hydrates. The earlier studies of hydrates remained focused on flow 

assurance issues in pipelines. However, with the advent of drilling in arctic areas and in 

deep-water marine environments in the 1960’s and 1970’s, hydrates again became of 

interest because of well control issues while drilling. Hydrate layers penetrated during 

drilling would rapidly dissociate because of the reduction in pressure and the heat from 

the drilling mud. The large amounts of gas evolved could potentially lead to devastating 

blowouts.

The potential of hydrates as an energy resource first received wide attention in the 1970’s 

due to the discovery of frozen methane gas in the Messoyakha field in western Siberia, 

Russia. The data published by Makogon et al. (1972), presented evidence that the 

Messoyakha field consisted of an upper gas hydrate accumulation and a lower free gas 

reservoir. Collett (1992) reports that after an initial production period the reservoir 

pressure did not decline as much as anticipated, indicating pressure support from the 

dissociation of the hydrate layer. 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.
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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 where 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, 

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)

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 energy potential is unarguably enormous.
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2.1.2 Alaska North Slope: Hydrate Accumulations

Estimates of gas hydrates in permafrost regions of the United States i.e., Alaska, range 

from 11 trillion cubic feet to 25,000 trillion cubic feet, while estimates in oceanic 

sediments along the continental margins of the United States range from 2,680 trillion 

cubic feet to 6,710,000 trillion cubic feet (modified from Kvenvolden, 1998). Collett

(2001) states that nearly half of all gas hydrate resources in the United States are found in 

offshore Alaska.

On the North Slope of Alaska, Collett (1997) has estimated that there is approximately 

590 trillion cubic feet of in-place gas within hydrates. Particularly in the Eileen Trend of 

the Prudhoe Bay, Kuparuk River, and Milne Point Units, estimates of natural gas from 

gas hydrates range from 37 to 44 trillion cubic feet (Collett, 1993). Figure 2.2 shows the 

aerial extent of gas hydrates and free gas found in the Prudhoe Bay (PBU), Kuparuk 

River (KRU), and the Milne Point Units (MPU) on the North Slope of Alaska.

Figure 2.2: North Slope Occurrence of Gas Hydrates 

(Courtesy: BP Exploration (Alaska), Inc. and the U.S. Geological Survey)

In permafrost zones, the base of the permafrost is generally at 0 °C. In many arctic areas, 

the permafrost descends to depths of 1000 feet and often much deeper. Below the base of 

the permafrost are found the necessary pressure and temperature conditions for hydrate
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formation. On the North Slope of Alaska, Collett et al. (1988) determined the base of the 

permafrost in the Prudhoe Bay-Kuparuk area to be approximately 500 meters deep. In 

permafrost areas there are two geothermal gradients, that in the permafrost and that in the 

formations below. The base of the hydrate zone is assumed to be at or near 273.15 K. If 

an indicative geothermal gradient of 1.9 K/lOOm in the permafrost and 3.2 K/lOOm 

below the permafrost and an average surface temperature of 262.15 K (Collett et al., 

1993) is assumed, a new depth/temperature profile can be plotted. As shown in Figure 

2.3, comparison to the hydrate stability curve illustrates that hydrates are stable in the 

subsurface for a considerable depth.

Figure 2.3: North Slope Geothermal Gradient versus Hydrate Stability
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2.1.3 Nature of Gas Hydrates

Gas hydrates are a type of clathrate: a solid in which one component is enclosed in the 

structure of another. In the case of gas hydrates, they consist of a water ice lattice 

surrounding small gas molecules (can be methane, ethane, propane etc.).

A water lattice has cavities present in the lattice that are large enough for other guest 

molecules to inhabit. The presence of the guest molecules helps to stabilize the water 

lattice and hydrates are found at temperatures and pressures where pure water ice could 

not exist. 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).

Structure I (si) features a body centered structure, with the vertices of the cavities linked 

by forty-six water molecules to form eight cavities (Figure 2.4). These cavities can 

accommodate molecules smaller than propane. A typical type I hydrate unit has the 

chemical composition 8CH446H20  (Makogon, 1981). Type I structures are the variant 

most commonly found in the environment, both onshore and onshore. In the case of deep 

marine accumulations, the guest gas molecules are usually derived from biogenic gas. 

Structure II (sll) comprises a diamond lattice within a cubic framework; 8  large and 16 

smaller cavities are present (Figure 2.4). Such an arrangement occurs with molecules 

larger than ethane but smaller than pentane, and is commonly the type that forms in 

pipelines and processing facilities. Its unit chemical composition is 8 (C3H8, /- 

C4Hio)136H20 (Makogon, 1981).

Structure H (sH) has been identified recently (Ripmeester et al, 1987). There is no 

evidence of existence of sH hydrates in the field. The cavity arrangement of structure H is
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so large that only large molecules such as naphtha and gasoline can be accommodated 

within.

Table 2.1 enlists the structural and physical properties of si, sll, and sH hydrate structures 

(Koh et al., 2002).

Table 2.1: Structural Properties of Clathrate Hydrates

Property si sll sH

Lattice Type Primitive Cubic Face-centered Cubic Hexagonal

Unit Cell Parameters 

(nm)
a=  1 .2 a=  1.7 a =  1 .2 , c =  1 .0 1

Cavities per Unit Cell 

(Cavity Type)

2 [512] (S) 

6  [5I262] (L)

16 [512] (S) 

8  [51264] (L)

3 [5 ,2](S)

2 [435663] (S) 

1 [51268] (L)

Cavity Ratio 

(Small/Large)

0.33 2 5

H2O per Unit Cell 46 136 34

Density (gm/cm3) 0.91 0.94 1.952



10

2.1.4 Hydration Number

If all eight cages in a type si clathrate are occupied by only one gas molecule in each 

cage, the hydration number (n) would be 46 / 8 = 5.75 water molecules per guest 

molecule. This is the ideal case, whereas in reality there are usually unoccupied cages 

within the structure. Many studies have been performed on quantitative determination of 

hydration numbers for various guest molecules. Uchida (1997) reviewed a number of 

theoretical and experimental approaches on determination of hydration numbers 

occurring in CO2 hydrate, which revealed results ranging from 5.93 to 8.55. Analysis by 

Raman spectroscopy revealed a more restricted range of 7.24 to 7.68. The experimental 

range found for methane hydrates was more clearly determined to be from 6.18-6.2 

(Uchida, 1999).

As one can see from these numbers, methane hydrates may contain more gas molecules 

per unit cell than can CO2 hydrates. The average difference per unit cell is calculated to 

be around 1.25 more CH4 than CO2 gas molecules. Hydration plays a major role in 

determining physical properties of gas hydrates. It is crucial to accurately analyze and 

understand this property in order to develop any gas extraction or dissociation processes.

2.2 Hydrate Phase Equilibrium

The phase equilibria of gas hydrates represent the most important set of properties which 

differ from those of ice. Hydrates are usually formed at low temperatures and high 

pressures. Gas hydrate phase behavior was examined early on by many researchers in 

order to keep the pipelines out of hydrate forming conditions. Hydrate phase diagrams for 

water-hydrocarbon systems provide a convenient overview of calculations type. These 

diagrams differ substantially from the normal hydrocarbon phase diagrams due to 

hydrates and the hydrogen bonds.

A typical phase diagram for simple gas hydrates is shown in Figure 2.5. In the figure, H 

is used to denote hydrates, I for ice, V for vapor, and Lw and LHc for aqueous and 

hydrocarbon liquid phases, respectively. The hydrate region is to the left of the three 

phase lines. The I-H-V equilibrium line represents the equilibrium between Ice (I), 

Hydrate (H), and Vapor (V). Lw-H-V represents equilibrium between aqueous phase,
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which is usually water (Lw), hydrate (H), and Vapor (V). Similarly Lw-H-Lhc represents 

equilibrium between aqueous phase, hydrate and hydrocarbon liquid phase. In Figure 2.5, 

the intersection of the above three phase lines defines both a lower quadruple point Qi (I- 

Lw-H-V) and an upper quadruple point Q2 (Lw-H-V-Lhc)- These quadruple points are 

unique for each hydrate molecule.

Figure 2.5: Hydrate Phase Equilibrium

Each quadruple point occurs at the intersection of four three phase lines. The lower 

quadruple point is marked by the transition of Lw to I, so that with decreasing 

temperature, Qi denotes where hydrate formation ceases from vapor and liquid water, and 

where hydrate formation occurs from vapor and ice. In most of the cases for simple 

hydrates, it is approximated as equal to freezing point of water (273.15 K). However, the 

quadruple pressures vary widely depending upon the hydrate former. Early researchers 

took Q2 to represent an upper temperature limit for hydrate formation from that 

component. It is approximated as the point of intersection of line Lw-H-V with the vapor 

pressure of the hydrate guest. Upper quadruple point is often approximated as the
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maximum temperature of hydrate formation, because line Lw-H-Lhc is essentially 

vertical.

In the case of systems with only the lower quadruple point, the pressure and temperatures 

of the Lw-H-V and the I-H-V lines mark the limits to hydrate formation. To the right of 

both lines hydrate cannot form and the system will contain only fluid phases, while 

hydrate formation will occur to the left of Lw-H-V and I-H-V. For systems with an upper 

quadruple point, the hydrate region is bounded by line I-H-V at conditions below Qi, line 

Lw-H-V between Qi and Q2, and line Lw-H-LHc at conditions above Q2 . Hydrates will 

form at temperatures and pressures to the left of the region enclosed by the three lines, 

while to the right, no hydrates are possible.

Methane hydrates don’t have an upper quadruple point. It is because of the fact that the 

vapor pressure critical temperature is too low to allow the intersection of Lw-H-V with 

the vapor pressure of methane. However, for carbon dioxide hydrates, both lower 

quadruple and upper quadruple points are present.

The phase equilibrium for a multi-component gas hydrate system has similar trends as 

that of simple hydrates. In the case of gaseous mixtures without a liquid hydrocarbon the 

lower portion of the pressure-temperature phase diagram is very similar to that shown in 

Figure 2.5. The few changes would be that the Lw-H-V line would be for a fixed 

composition of mixture rather than for pure component. The lower quadruple point would 

be at the intersection of the Lw-H-V line and 273 K, at a pressure lower than that for pure 

component. However, in the case of mixtures with heavier components (liquid 

hydrocarbon mixture), one significant change is that upper quadruple point becomes a 

line. Furthermore the Lw-H-Lhc line broadens to become an area. This area is caused by 

the fact that a single hydrocarbon is no longer present, so a combination of hydrocarbon 

(and water) vapor pressures creates a broader, phase equilibrium envelope. Consequently 

the upper quadruple point evolves into a line for the multi-component hydrocarbon 

system.
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2.2.1 Hydrate Equilibrium in the Presence of Salt

The presence of salt causes a shift in the P-T phase equilibrium curve of hydrates towards 

the left side. The stability conditions of hydrates depend directly on the activity of water. 

The salt ionizes in solution and interacts with the dipoles of the water molecules with a 

much stronger coulombic bond than either the hydrogen bond or the van der Waals 

forces, which cause clustering around the apolar solute molecule. The stronger bonds of 

water with salt ions inhibit hydrate formation; water is attracted to ions more than water 

is attracted to the hydrate structure. As a secondary effect, this clustering also causes a 

decrease in the solubility of potential hydrate guest molecules in the water, a 

phenomenon known as “salting out”. Both ion clustering and salting out combine to 

require substantially more subcooling to overcome the structural changes and cause 

hydrates to form.

The presence of salt also decreases activity of water. As the activity decreases, the 

hydrates form at increasingly higher pressures at a given temperature or at lower 

temperatures at a given pressure. The presence of salt causes a depression in the freezing 

point of water, thereby reducing its activity. The effect of this factor is that the phase- 

equilibria of hydrate formed in such conditions would be different than those of bulk 

hydrates.

2.2.2 Hydrate Equilibrium in Porous Media

Hydrate phase equilibrium in the presence of porous media is altered significantly. Most 

of the laboratory work done on the thermodynamics of gas hydrates is limited to hydrates 

formed from pure water. However there are only a handful of studies that have dealt with 

gas hydrate equilibrium in porous media. The presence of porous media causes hydrate to 

form at pressures between 20 and 70% higher than what needed to form hydrates in free 

water (Handa and Stupin, 1992). Hydrate phase equilibrium conditions depend on the 

rock and fluid properties such as the wetting angle and pore radius.

As mentioned above, the stability conditions of clathrate hydrates depend directly on the 

activity of water. When water is confined in small pores its freezing point decreases 

considerably. Thus, the presence of geometrical constraints on the activity of water is
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equivalent to a change in its activity as caused by the inhibitors. In the natural 

environment, the activity of water is altered due to the presence of dissolved salts and is 

further altered due to the capillary forces in the compacted sediments. The combined 

effect of these factors would be that the thermodynamic properties of hydrate formed 

from such water would be different than those of hydrates formed from pure bulk water. 

It has been found that the melting point and heat of melting of ice decreases as the pores 

become smaller (Handa and Stupin, 1992). The thermal properties of hydrate will also be 

affected the same way.

2.3 Gas Hydrate Phase Equilibrium Predictions

The conditions of three phase (Lw-H-V) equilibrium are the most useful. In particular, 

methods to calculate the temperature and pressure at which hydrates form with a given 

gas composition and free water have academic and industrial applications. There are 

comparatively few data on the composition of the hydrate phase, due to difficulty of 

measurement. Hydrate phase difficulties arise because water is often occluded in the 

hydrate mass, separation of hydrate and water is difficult, and the hydrate phase fraction 

of mixtures is often inaccurate. Consequently the ratio of water to hydrocarbon is often 

inaccurate. The modem experimental techniques such as NMR and Raman spectroscopy 

are accurate enough to determine the degree of filing of hydrate cavities with different 

types of molecules.

The two most common prediction techniques include the gas gravity method and 

distribution coefficient method. Both of these techniques enable determining the pressure 

and temperature of hydrate formation from a gas. However, only the distribution 

coefficient method allows the determination of the hydrate composition. Because the two 

prediction techniques were developed over a half century ago, they are applicable only to 

si and sll hydrates, without consideration of heavier components which form sH.

These two calculation techniques may be regarded as successive approximations to 

hydrate phase equilibria, increasing both in accuracy and in sophistication. The gas 

gravity method is a simple graphical technique which provides a first-order-accuracy
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estimate of hydrate formation. The distribution coefficient method is both more accurate 

and slightly more complex than the gravity method.

2.3.1 The Gas Gravity Method

The simplest method of determining the temperature and pressure of gas mixture three 

phase (Lw-H-V) conditions is available through the gas gravity charts of Katz (1945). Gas 

gravity is defined as the molecular mass of the gas divided by that of air. In this method, 

the gas gravity is specified and either temperature or pressure is specified. The second 

intensive variable (either pressure or temperature) at which hydrates will form is read 

directly from the chart. A pressure vs. temperature chart for different gas gravities is used 

in this method. These charts were reproduced by Sloan (1998). The purpose of the 

original chart was to enable the determination of the hydrate limits to the adiabatic 

expansion of a gas. The hydrate formation lines in these charts are fairly linear at low 

temperatures.

The qualitative trends observed through this method are correct and thus provide a 

valuable heuristic as a check for more sophisticated calculations. For example, the gas 

gravity chart correctly indicates that the logarithmic pressure increases linearly with 

temperature over a short range. In case of wider temperature range the logarithmic 

pressure was observed to be more nearly linear with reciprocal absolute temperature. 

These charts also depict the accurate trend that gases with heavier components cause 

hydrates to form at lower pressure for a given temperature (or at higher temperatures for 

a given pressure).

The gas gravity method to predict hydrate formation was generated from a limited 

amount of data. The calculated accuracy limits for the gas gravity chart are reasonable 

(Sloan, 1984). However, they should be noted that these charts are generated only for gas 

containing only hydrocarbon. Thus, they should be used with caution for those gases with 

substantial amounts of non-combustible (i.e. CO2, H2S, N2). While this method is very 

simple, it should be considered as approximate. In the fifty years since its development, 

more hydrate data and prediction methods have caused the gravity method to be used as a 

first estimate, whose principal asset is ease of calculation.
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2.3.2 The Distribution Coefficient (K VSi Value) Method

The distribution coefficient method, often called the “Kj-value” method, was initially 

proposed by Wilcox, Carson, and Katz (1941) and later finalized by Carson and Katz 

(1942). Carson and Katz noted that their experimental hydrate composition changed at 

different temperatures and pressures in a manner indicative of a solid solution, rather than 

segregated microscopic quantities of hydrocarbon within hydrate. The concept of a solid 

solution enabled the notion of the mol fraction of a guest component in the solid phase 

mixture, on a water-free basis. Cason and Katz defined a vapor-solid distribution 

coefficient (KVSi) for each component as:

K v s i^ y i /X s i  (1 )

Where:

y,: Mole fraction of component i in the water-free vapor 

XSj: Mole fraction of component i in the water-free solid.

The Kvsi values for different gases as a function of temperature and pressure are present 

in the original work. By viewing these charts one may quantitatively determine in which 

phase a component will concentrate. For example, components like methane and nitrogen 

always have KVSi values greater than unity, so they concentrate in the vapor rather than 

the hydrate, whereas components like propane or iso-butane with KVSi values normally 

less than unity are concentrated in the hydrate phase. KVSi is a complex function of both 

temperature and pressure and has as many as 18 empirical parameters for different 

hydrate formers.

The accuracy of the KVSi-value method is impressive, considering the fact that the method 

preceded the knowledge of the crystal structure. It should be noted that, 

thermodynamically one set of Ki charts cannot serve both hydrate structures (si and sll). 

It is because these charts were generated before the two crystal structures were known. 

Thus this method cannot distinguish between crystal structures. One other limitation of 

this method is that KVSi value charts occur in the limited range of temperatures above the 

ice point. The KVSi-value method was the first predictive method, and is used as basis for 

the calculation in the gravity method, so it is logical that it should be more accurate.
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CHAPTER 3 

THERMODYNAMIC MODEL FOR GAS HYDRATES

3.1 van der Waals-Platteeuw Model for Gas Hydrates

This fundamental model is based on classical thermodynamics and is used to predict the 

thermodynamic behavior of gas hydrates including the pressure and temperature at which 

gas hydrates form. An early basic model was first presented by van der Waals and 

Platteeuw (1959). This model is based upon classical Langmuir adsorption theory and is 

still used as a basis of most of the models developed to predict thermodynamic 

equilibrium of hydrates. The method presented by them was modified over a period of 

time by many researchers. However the basic thermodynamic equilibrium concept 

remains the same. The various suggested modifications will be discussed later in this 

thesis. The original model proposed by van der Waals and Platteeuw was based on the 

following assumptions:

1. Each cavity can contain at most one gas molecule.

2. The interaction between a gas and water molecule can be described by a pair 

potential function, and the cavity can be treated as perfectly spherical.

3. The gas molecule can rotate freely within the cavity.

4. There is no interaction between the gas molecules in different cavities, and the gas 

molecule interacts only with the nearest neighbor water molecules.

5. The free energy contribution of the water molecules is independent of the mode of 

dissolved gases. (The gas doesn’t distort the hydrate lattice.)

The method for predicting equilibrium is based on the criterion that at equilibrium,

P h  =  Pw  (2)

Where pn: Chemical Potential of water in the hydrate phase

pw: Chemical Potential of water in the water rich or ice phase 

Using pp, the chemical potential of an unoccupied hydrate lattice, as the reference state, 

the condition of equilibrium can be rewritten as,

pp- pw = pp- pH (3)



3.2 Calculation of Apw

The initial technique to determine Apw, proposed by Saito et al. (1964) involved the 

assumption of an ideal solution relationship for the water and the dissolved gas phase. 

For an ideal solution, the following relationship is valid,

Apw Ap w(Xw= i) ■ RTlnXw (5)

Where Xw: Mole fraction of water in the water rich phase

Ap’w is a function of pressure and temperature. Holder et al. (1980) simplified this 

method, which is been used quite extensively for hydrate modeling. As per this method, 

the chemical potential difference as a function of pressure and temperature can be written

as,

APw
RT

Ah  ̂
VRT ,

dT + AVW
RT

dP (6)

Where Ahw and AVW are the enthalpy and volume difference between ice or water and the 

empty hydrate respectively. The integration of the above equation yields an expression 

from classical thermodynamics for finding Apw along the three phase line, from some 

reference temperature T0 and pressure P0, usually taken as 273.15 K and 0 MPa, 

respectively. The expression is as below,

Ap W

RT
■'W

RT T PAoA O

Ahw
RT2

iT + |
p v RT j

dP (7)

Equation (7) holds for a pure condensed water phase, such as ice or liquid water without 

solute. It can be applicable for the gases which don’t have appreciable solubility in the 

water. If the condensed water phase is not pure with either some soluble gases or 

inhibitors, the above equation needs to be modified. A possible modification is to include 

a term for the activity of water as below,
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Where yw is the activity coefficient of water in the presence of gas or inhibitor and Xw is 

the mole fraction of water in the presence of gas.

In Equation (8 ), the first term on the right accounts for the chemical potential difference 

between the theoretical empty hydrate and liquid water at its reference state (273.15 K, 0  

MPa), the second term represents the change in chemical potential difference due to 

temperature, at zero pressure. The third term accounts for the change in chemical 

potential difference due to pressure, and the last term accounts for the solubility of gas in 

the water or in the presence of a dissolved inhibitor. The activity coefficient yw, accounts 

for the nonidealities of the solution. The activity coefficient for water, yw, is taken to be 

equal to 1 .0  when only gas and water systems are studied, due to generally low solubility 

of gases in water. In case of inhibitors, the activity coefficient of water is lowered from 

unity.

The temperature dependence of the enthalpy difference is given by,
T

A h „ = A h „ "+ jA C p_dT (9)
T„

Where Ahw° is an experimentally determined reference enthalpy difference between the 

empty hydrate lattice and the water phase. ACPu is the heat capacity difference between

the empty hydrate lattice and the water phase. It is also temperature dependent and can be 

evaluated by the following relationship

A C ,.-A C P/ + b ( T - T „ )  (1 0 )

Where ACP>> 0 is an experimentally determined reference heat capacity difference, and b is

is a constant fitted to experimental data. Two different relationships must be used

depending on whether the water phase is in liquid or solid form. Precisely, for

temperatures below 273.15 K (solid form), ACP 0 and b have different values than those

for above 273.15 K (liquid form). Similar is the case for AV; two different values are 

used depending on the form of the water phase. As described above, for a gas water 

system, the activity coefficient of water is taken as equal to 1. In the case of NaCl,



21

fractional occupancy of the cavity. However it should be noted that the fractional filling 

is the product of Cyfj rather than the individual factors in the product. The Langmuir 

constant is a function of temperature only. It also depends on the type of guest molecule 

enclathrated.

The Langmuir constant is determined by integrating the gas-water potential function over 

the volume of the cavity. The force between the guest and the cavity is the change in the 

potential energy with the guest displacement. The following assumptions are made for 

Langmuir constant determination,

1. The internal motion partition function of the guest molecule is the same as that of 

an ideal gas. It means that the rotational, vibrational, nuclear, and electronic 

energies are not affected by enclathration.

2. The potential energy of a guest molecule at a distance of r from the cavity center 

is given by the Kihara potential function.

van der Waals and Platteeuw (1959), in their original work, proposed use of the Lennard- 

Jones 6-12 pair potential. However, it is satisfactory only for small spherical molecules. 

Kihara potential is better for larger, polyatomic and rod like molecules. Thus in this work 

the Kihara potential is used. It should be noted that the equations presented below are for 

a spherical core. Using classical statistical mechanics, evaluation of the Langmuir 

constant for spherical molecules is through following equation,

Where W=W(r,0,O) is the total potential energy of interaction between the enclathrated 

gas molecule and water molecules at positional coordinates (r,0 ,O) which describe the 

location of gas molecule within a three dimensional cavity.

One of the underlying assumptions of the original model, however, was that a hydrate 

cavity could be described as a uniform distribution of water molecules smeared over a 

sphere of radius R. In this case, a smooth cell potential W(r) is independent of angular 

coordinates. The model assumes that W(r) is a suitable average of W(r,0,<t>) without 

carrying out any averaging. Thus, the Langmuir constant C becomes,

(15)
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C = ^ j  exp(- 
kT rJ

W(r) , _ 2

kT
)r dr (16)

This assumes that the cavity is perfectly spherical and that the water molecules which 

form the cavity are distributed evenly over the surface of this sphere. The cell potential is 

obtained as below,

W(r) = 2Zs
-12

R "r
510 + —8" 

R
4-(«‘+ V
R r v R j

(17)

Where,

8 n =
N

v N /  V N

V R r J I  R Ry
(18)

Here N = 4, 5, 10, 11. R is the cell or cavity radius, Z is the coordination number of the 

cavity and r is the distance of the gas molecule from the centre of the cavity, a is the core 

radius of interaction for gas and water molecules, cr is the core to core distance between a 

gas and water molecule whereas e is the maximum attractive potential between a gas and 

water molecule. It should be noted that the parameters s, a, and cr are unique to every 

guest molecule, but they do not change in the different cavity types. On the other hand, 

the parameters Z and R are unique for each cavity type and don’t change as a function of 

guest molecule. Equation (16) shows the Langmuir constant to be only a function of 

temperature for a given component within the cavity.

In usual practice, the Langmuir constant is determined from a minimum of 

experimentally fitted Kihara parameters via an integration over cavity radius. In this 

work, the Kihara parameters given by Sloan (1998) are used for calculations.

3.4 Modifications of the Method

The difficulty encountered with the smooth cell assumption is that a degree of spherical 

asymmetry exists in all cavities, particularly in the large cavity of structure I, and a true 

Langmuir constant can be obtained only by considering the potential energy of the gas 

molecule as a function of angular as well as radial coordinates. John et al. (1985) 

determined effective values of R, the cavity radius and Z, the cavity coordination number,



23

that resulted in calculated smooth cell potentials, W(r), which most accurately 

approximated the exact potential, W(r,0,O), when averaged over all angular positions. 

They also proposed the incorporation of second and third shell of water molecule for the 

calculation of Langmuir Constant. The redefined smooth cell Langmuir Constant is as 

below,

C - = ^ J e x p ( - W|W + W-W  + W»(rV d r  (19)
kT  ̂ kT

where W[(r), W2(r), and W3(r) are smooth cell contributions of the first, second, and third 

shells respectively, to the Kihara potential function.

In order to correct for the fact that actual guest-host interactions depart from the spherical 

smooth cell potential, Holder et al. (1988) represented the true Langmuir constant, C, by

C = C* Q* (20)

where C* is the smooth cell Langmuir Constant in equation (19) and Q* is an empirical

function that corrects the Langmuir Constant due to the restricted motion of spherical gas
*

molecules. They also defined some general trends in properties for Q . These include:

1. Q* should be near 1.0 for spherical molecules in approximately spherical cavities.

2. Q* should decrease as molecular asymmetry increases: that is, as the acentric 

factor increases, Q* should decrease. An asymmetric gas will have restricted 

movement in the hydrate cavity and will be less stable in a hydrate cavity than 

spherical molecules with the same Kihara Parameters, a  and s.

3. Q* should decrease as the size of the gas molecule increases. More accurately, Q* 

should be proportional to the ratio of the molecular diameter to the cavity 

diameter (or cavity radius).

4. Q* should decrease as the intermolecular interaction (measured by s) increases. 

As 8  increases, the preference for certain orientation becomes larger, internal 

motion is more restricted, and this restricted rotation is manifested in a decrease in

Q*.
Holder et al. (1988) accordingly hypothesized the following empirical correlation,
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Q* = exp - a f 0)
^  8 '

R - a V k T o J
(21)

where ao and n are empirical parameters which depend upon the particular cavity, co is the 

acentric factor and it depends on the guest molecule.

John et al. (1985) insisted on the use of Kihara Parameters obtained from second virial 

coefficient or viscosity data. Holder et al. (1988) used the Kihara parameter values with 

very small difference between them and Kihara parameter values from second virial 

coefficient and viscosity data. Since Langmuir constants are extremely sensitive to small 

variations in Kihara parameters, those values obtained from other than hydrate data 

should be used with extreme caution.

Zele et al. (1999) hypothesized that the guest could impact the host-host interactions in 

the lattice, invalidating the 5th assumption of the van der Waals model stated above. Lee 

and Holder (2000) proposed a new model introducing the concept of variable reference 

chemical potential difference. It is based on the assumption that the lattice can be 

distorted due to the size of the guest molecules that are enclathrated. If a guest affects the 

host-host interaction, the reference chemical potential difference between the theoretical 

empty lattice and water must be modified to account for this. In this concept, a guest-

dependent reference chemical potential difference, Apw°, is necessary to predict the

equilibrium conditions for simple and mixture hydrates.

Klauda and Sandler (2000) modified the equilibrium criterion. The starting point of their 

model is the equality of fugacity for a hydrate in equilibrium with liquid water or ice.

fwH(T,P) = fwn(T,P) (22)

The fugacity of water in the hydrate phase is given as below:

< 4 n w"(T ,P )'| (23)
f„"(T ,P) = f /(T ,P )e x p

RT

Where fwp is the fugacity of the hypothetical empty hydrate lattice and Apw"(T,P) is 

defined by equation (13). They followed the approach recommended by John et al. 

(1985) for Langmuir constant determination.
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In this work, the original model is followed without any modifications and still found to 

give better results with error less than 5%. Especially at higher temperatures, it can 

predict hydrate phase equilibrium in close agreement with experimental results.

3.5 Hydrate Equilibrium in Porous Media

As described in Chapter 2, the conditions of hydrate equilibrium in porous media will 

depend on the rock and fluid properties, which include wetting angle and the pore radius. 

When gas hydrates form in porous media, it is necessary to account for the additional 

forces that result from interactions with the media, mainly the capillary forces. The effect 

of the capillary is to lower the activity of water in pore. This, in turn, causes a depression 

of the freezing point of water in the pore. Clarke et al. (1999) proposed a method to 

predict hydrate equilibrium in porous media by accounting for above mentioned forces in 

the original van der Waals-Platteeuw model.

When hydrates are formed in free liquid water, or free ice, it is possible to neglect the 

surface effects on equilibrium conditions. However, when hydrates are forming in small 

capillaries, it is not possible to neglect the surface effects on the equilibrium conditions. 

Clarke et al. (1999) accounted for these surface effects by defining a water activity 

coefficient as below,

lnaw = - ^ ^ C O S 0  (24)
rRT

Where:

Ohw : Surface tension between hydrate and water, 

v: Molar volume of solvent (water), 

r: Radius of the pores in the porous medium.

R: Universal gas constant

0: Contact angle between water and porous medium.

In this work, the porous medium was assumed to be water wet and thus 0 is equal to zero. 

Yousif and Sloan (1991) investigated the effects of interfacial tension on the formation of 

gas hydrates in Berea sandstone. They developed a simple equation that would estimate
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the additional pressure required to form hydrates in a porous medium at a given 

temperature.

The above equation is valid only for hydrate formation from water.

3.6 Hydrate Equilibrium in the Presence of Salt

The presence of salt or electrolyte inhibits the gas hydrate formation. It causes a shift in 

the P-T phase equilibrium curve towards the higher pressure. Menten et al. (1981) 

presented a predictive method for the calculation of the hydrate formation conditions in 

single salt solutions. Their method was based on the calculation of the activity of water 

by using freezing point depression data. In this work, the above method was used for 

preliminary calculations; however, it was found to underpredict the hydrate equilibrium. 

Englezos and Bishnoi (1988) suggested use of activity of water in the model. The 

modified equation with their approach is,

light hydrocarbon gases are negligibly small, as in the cases with methane, ethane and 

propane. However, the approach may not work for hydrocarbons which have appreciable 

solubility in water such as carbon dioxide. In that case, the following approach 

recommended by Nasrifar and Moshfeghian (2001) is used.

(25)

Where:

Ap Change in pressure (psia)

<7 Interfacial tension (dynes/cm)

k Permeability (md)

(j) Porosity (fraction)

(26)

where aw is the activity of water. It is assumed that the mole fractions of the dissolved

lnaw = lnawel + lnawgas (27)
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Here aw ei is the activity of water in the presence of salt as calculated by Pitzer’s activity 

coefficient model and aw gas is the activity of water in the presence of gas. Activity of 

water in the presence of gas can be approximated as the mole fraction of water by the 

Lewis-Randoll rule.

Thus, aW;gas ®XW. The activity of water in the presence of salt was computed using Pitzer’s 

activity coefficient model.



28

CHAPTER 4 

SELECTION OF DIFFERENT VARIABLES IN THE MODEL

4.1 Selection of Reference Properties of Gas Hydrates

In hydrate modeling, selection of reference properties is an important step. The use of 

inappropriate reference properties can lead to drastic changes in modeling of results. The 

reference properties are usually determined by using available experimental data. There 

have been many studies conducted by various researchers to determine reference 

properties, van der Waals and Platteeuw (1959) used Br2 hydrate experimental data for 

the determination of reference properties. Holder et al. (1980) used experimental data of 

methane-argon and methane-krypton mixtures to obtain values for the reference chemical 

potential and enthalpies of structure I hydrate. These guest molecules were chosen since 

they are all small spherical molecules and hence don’t violate any of the van der Waals 

Platteeuw model assumptions. Holder et al. (1984) used a rigorous method for reference 

property value determination. They used experimental cyclopropane hydrate data to 

evaluate reference chemical potential and enthalpy difference.

Zele et al. (1999) proposed the theory of lattice distortion. They proposed a new 

thermodynamic model with a guest dependent reference chemical potential. In this 

model, the reference lattice size varies according to the size of the guest molecule. They 

suggested that the reference chemical potential difference must increase due to the 

presence of a large guest. An empirical equation to determine reference chemical 

potential and enthalpy difference as a function of size of the guest molecule was proposed 

in this work. Recently, Zhitao et al. (2002) carried out sensitivity analysis of hydrate 

thermodynamic reference properties. Their work indicated that the prediction of three 

phase equilibrium methane hydrates was very sensitive to the value of Apw°. They 

proposed that a variation in Apw° of ±10-20 J/mol results in an error of 5%-10% in the 

predicted dissociation pressure. They also proposed that the uncertainties introduced due 

to Ahw° are not significant. Table 4.1 summarizes reference property values proposed by 

various researchers for structure I hydrates.
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Table 4.1: Differences in Thermodynamic Property Values between Ice and the Empty

Hydrate Lattice for Structure I

Reference Apw° (J/mol) Ahw0H! (J/mol)

van der Waals and Platteeuw (1959) 699 0

Holder et al. (1980) 1235+10 1684

Holder et al. (1984) 1299.4 1861

Sloan (1998) 1263 1389

Zhitao et al. (2002) 1236±4 1703162

* In the water region subtract 6009.5 J/mol from Ahw°

In this work, the reference properties values given by Zhitao et al. (2002) were used for 

calculations. As mentioned earlier, the accuracy of modeling results depends upon the use 

of appropriate reference properties. The sensitivity analysis of these properties will be 

discussed later. The other reference properties used in the modeling work are as shown in 

Table 4.2.

Table 4.2: Reference Property Values for Structure I Gas Hydrates

AVW (cc/mol) T <  273.16 K 3.0

T >  273.16 K 4.6

ACpw (J/mol K) T < 273.16 K 3.315 + 0.121(T-T0)

T >  273.16 K -34.583 + 0.189(T-T0)

4.2 Selection of Kihara Parameters

Kihara parameter values are usually determined from experimental data. There have been 

various studies conducted on determination of Kihara parameters. Many researchers have 

used different Kihara parameter values to predict dissociation pressure values for the 

hydrates. As mentioned by Sloan (1998), there can be hundreds of values of Kihara 

parameters for a particular guest which will accurately predict the phase equilibrium of 

hydrates. However the Kihara values lack physical interpretation. The calculations of 

hydrate modeling are very sensitive to the selection of Kihara parameters. In this study,
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the Kihara parameter values given by Sloan (1998) are used for calculations. Those 

values are listed in Table 4.3.

Table 4.3: Kihara Parameters for CH4 and CO2

Component s/k (K) c ( A ) a ( A )

c h 4 154.54 3.165 0.3834

C 0 2 168.77 2.9818 0.6805

4.3 Radius and Coordination Number for Each Cage

In the van der Waals-Platteeuw model a smoothed cell potential model was assumed. One 

of the underlying assumptions of this model is the uniform distribution of the water 

molecules smeared over a sphere of radius R. The cell potential is thus independent of 

angular coordinates. However, a degree of spherical asymmetry does exist in all cavities; 

particularly in the large cavity of structure I. John and Holder (1981) tried to overcome 

this limitation by obtaining the appropriate smoothed cell potential. It is obtained by 

defining cell radii and coordination numbers which result in agreement between the 

discretely summed potential and the smoothed cell potential. Recently, Lee and Holder

(2 0 0 2 ) proposed a new method for the cavity radius determination based on lattice 

distortion theory. Their approach involved use of an empirical correlation between the 

first shell radii of all cavities and reference chemical potential difference.

In this work, the radius and coordination number obtained by Sloan (1998) were used and 

found to give good results. Those values are enlisted in Table 4.4.

Table 4.4: Radius and Coordination Number of Each Cage for si Structure

Structure I R ( A ) Z

Small Cavity 3.95 2 0

Large Cavity 4.33 24
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4.4 Fugacity Models for CH4, CO2 and CH4-CO2 Mixtures

It is important to use an appropriate equation of state (EOS) for fugacity calculations. The 

determination of gas solubility in water is dependent on fugacity and hence any error in 

fugacity calculations will also affect gas solubility determination and thus the whole 

model. In case of pure component C H 4, an EOS proposed by Setzmann and Wagner 

(1991) was used. In case of CO 2, the selection was more critical, especially in the critical 

region, where CO 2 is in a liquid state. In the proposed process for recovery of C H 4, CO2 

is injected in the emulsion form. The van der Waals-Platteeuw model can be used to 

describe the water-liquid hydrocarbon-hydrate (L 1 -L 2 -H ) equilibrium. The limitations lie 

only in the ability to calculate accurate liquid phase fugacity. Thus it was necessary to use 

an EOS, which can predict fugacity of CO2 in the critical region accurately. CO2 fugacity 

calculations were carried out using an EOS developed by Span and Wagner (1996). 

These EOS have been converted to a Fortran 90 program by White and McGrail (2003). 

Those programs were used in this work to have fugacity as a function of pressure and 

temperature. As stated by Prausnitz (1969), for mixtures of gases the pure component 

fugacity models can not be used as is. Thus an EOS proposed by Duan et al. (1992) was 

used for C H 4 -C O 2  gas mixtures. This EOS was converted to a FORTRAN 90 program by 

Diamond and Akinfiev (2003). The original F90 code developed by them was used in the 

mixed hydrate modeling work.

4.5 Henry’s Constant Correlations

Henry’s coefficient for dissolution of methane in water is given by Sloan (1998) as 

below,

.  TT  H ° k w  H * k w  H 2 K W  . ~  H 3 K W  „-  InH = ------- + --------+ -------- InT + --------T (28)
R RT R R

where H is Henry’s constant in MPa, T is temperature in K, and R is the gas constant.

The other terms in the equation are constant and are dependent on the particular gas

(Appendix A). For CO2, a correlation proposed by Battistelli et al. (1997) is used.

Kh(T) = X B(i)Ti <29)i=0
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Here Kh(T) is Henry’s constant in atm and T is temperature in °C. The other terms in 

equation are constant (Appendix A). As mentioned previously, Henry’s constant is only a 

function of temperature at low pressures. Henry’s law defined by Equation (12) works 

well for pressures up to 10 MPa. However at high pressures, it is no longer a function of 

temperature alone and a pressure correction term needs to be incorporated. The modified 

Henry’s law was presented by Reid et al. (1987) as below,

lnH = ln H % Vi " (P - P» " ) (30)
RT

where H° is Henry’s Coefficient calculated as a function of temperature, Vi'' is volume of 

hydrocarbon in water at infinite dilution, and PVpi is vapor pressure of solvent at 

temperature T.

The presence of salt alters the solubility of gases in the water and thus it is necessary to 

account for the effect of salt on Henry’s constant. Battistelli et al. (1997) presented a 

simple correlation for the effect of salt.

K hb(T,X) = K h(T)xlO [mKb(T)1 (31)

Here Khb is the Henry’s Coefficient in the presence of salt, kb is the salting-out coefficient 

and m is salt molality. The equation for salting out coefficient is

K b(T) = J ] c (i)Ti (32)
i=0

where T is temperature in °C, the coefficients C (i) are particular for each gas (Appendix 

A).

4.6 Pitzer’s Activity Coefficient Model

Activity of water can be calculated using Pitzer’s activity coefficient model by the 

following equation,

, 18vm .
ln aw = ----------® (33)

1000

where m is the molality of electrolyte in solution, v the is stoichiometric number of moles

of ions in one mole of salt. ® is given by the following equation,
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<t> = H Z mZx|f0 +m
2 v vm X

V

B®
m x  +  m

2 (V M V X )'
,0.5

C° MX (34)

where Z+, Z. are charges on each ion in the salt, and I is ionic strength of the solution. 

The correlations for f° and B°MX as given by Pitzer and Mayorga (1973) are,

_ A °I05
(35)

1 + bl° 5

B °mx = B°mx + B’mx x exp(- a l° 5) (36)

In above equations, A° is the Debye-Huckel coefficient, whereas b and a  are constant for 

particular electrolytes. B°x and B 'mx are the second virial coefficient, whereas C°mx is 

the third virial coefficient. It is usually very small and sometimes completely negligible. 

In most of the cases, these coefficients are taken as constant. The Debye-Huckel 

coefficient is given by the following equation,

(  2  V 5

(37)
1 r 2 * n oPvv )

0.5

f e 2 13 [ 1 0 0 0  j [D kT j

where N0 is Avogadro's number, pw is density of water, e is electric charge, k is 

Boltzmann’s constant and T is temperature. D is the dielectric constant of water and is a 

function of temperature and pressure given by the equation.

D -  D jqoo +C ln
B + P 

B + 1000
(38)

Diooo, C, and B are temperature dependent parameters. The expressions of temperature 

dependence for the three parameters are as follows:

Di000 = U, exp(u2T + U 3T2) (39)

U<
C = U 4 +

u 6 + t

b  = u 7 +
u s

t  + u 9t

(40)

(41)

The above four equations are valid in the region of 273.15-623.15 K and up to 200 MPa. 

The values of U 1-U9 can be found in Appendix A.
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4.7 Freezing Point Depression

The presence of salt reduces the freezing point of water. It is necessary to calculate the 

lowering of freezing point due to salt for determination of the lower quadruple point in 

modeling. The freezing point of Tf of a dilute solution of a non volatile, non dissociating 

solute is depressed relative to that of pure solvent. If the solution is ideal (i.e., follows 

Raoult’s law), this lowering is a function only of the number of particles of solute 

present. Thus the absolute value of the lowering of freezing point, ATf, can be expressed 

as below:

ATf = Efm 2 (42)

Where m2 is molality of solution (mol/kg) and Ef is the cryoscopic constant.

The cryoscopic constant is defined as,

E , = ^  (43)
AHft>

Where R is the gas constant, M is the molar mass of solvent, i.e., water and AHfus is the 

molar enthalpy of fusion of the solvent, equal to 6.01 KJ/mol for water.

The freezing point depression due to the presence of a porous medium is described by 

following equation,

A T f  2ws °wi (4 4 )
Tf "  rAHfos

Where:

c»ws: Interfacial tension between porous medium and ice.

owi: Interfacial tension between porous medium and water,

v: Molar volume of water 

r: Radius of pores in the porous medium
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CHAPTER 5 

DEVELOPMENT OF NUMERICAL SCHEME

5.1 Simple Hydrates

Equation (4) can be rewritten as below,

Apw - ApH =0 (45)

We have different expressions derived for both Apw and Apn- The enthalpy and volume 

term in equation (8 ) is required to be expanded to obtain the final expression for Apw. 

The final expression for the enthalpy term is derived and is given as below,

To
T TL o

Tr Ahw dT = Ah°w 1 1
• I r t 2 R

(T -T 0 ) -2 T 0ln

AC,
R

In 2L
T

+
, T  J

b
+ — 

R
(46)

Similarly the volume term is expanded as below,

Pf AV AV dP =  xPJ R T  R T
(47)

Using equation ( 1 1 ) and (12) the solubility term is written as,

' H - O
ln (v „ X „ )= ln

H
(48)

Please note that the activity coefficient of water is taken as equal to unity for simple 

hydrates with no inhibitors.

Equation (13) is expanded to calculate ApH for simple hydrates as below,

(49)Ag„ = - R T f ^ l n ( l - e . ) + T l n O - e L)

Using the definition of fractional cage occupancy, it can be further modified as below,

ApH = -R T
23'

-In
V 1 +  C sf g j

+ ■
23 1 + Clfg j

(50)

Using equations (8 ) and (45)-(50), a pressure function is derived.



In equation (51), f  (T) is a function independent of pressure as below,

f(T) =
Apc
RT,0 To

Ah
RT2

dT (52)

In equation (52), the first term on the right side is constant, whereas the second term is 

only temperature dependent. Hence f  (T) is independent of pressure.

Equation (51) is a non-linear function of pressure and hence couldn’t be solved 

analytically. Also, since fugacity is a complex function of pressure, a solution to f  (P) can 

be obtained only through numerical methods. One of the simple and frequently used 

methods is the Newton-Raphson scheme.

f(P)P = Pnew old f'(P)
(53)

where f  (P) is the derivative of the function f  (P) given by equation (51). This function is 

differentiated with respect to pressure to obtain f  (P) as shown below,

f ' ( P )  =
1 c s ) f dO 3

/ \  
c > |f dfg]

AV 1
f dfgl

23 1 + C .fv s g yU p ; 23 1 + C ,f .V 1 s Jt d P , RT H - f g Id P  J
(54)

Thus, the Newton-Raphson scheme is used to determine hydrate dissociation pressure P 

for a particular temperature T.

In the case of pressures above 10 MPa, the modified Henry’s law described by equation 

(30) was used. It is a function of pressure and hence f  (P) changes in that case. The last 

term in equation (54) has the following form.
f  -w -T CO /-W-V TA \

d ln X v
dP

1

H -f„
exp ln H ° + V2^ P Pvp'j

RTV

df„

/ RT dP RT
(55)

The hydration number in the case of structure I type hydrates is given by following 

equation,



37

5.2 Mixed Hydrates

In the case of mixed hydrates of CH4 and CO2, the following expression is obtained for

ApH-

ApH = -R T 1 3
— ln(l — 0 SCH4 — 6 3 ,0 0 2 ) + 2 3 ^ ^  _ ®i,ch4 —̂ 1,0 0 2 ) (57)

The fractional occupancy of methane for a small cage, 0S; CH4 is defined as below,

0 c
Y C fCH4 S,CH4 CH4

S,CH4
1 + '̂ CH4̂ 'S.CH4̂ C:H4 + YC0 2 ^S,C0 2 fc02

(58)

where YCh4 is the mole fraction of CH4 in the feed, and YCo2 is the mole fraction of CO2 

in the mixture. Similarly, fractional occupancy for each of the gases in each cage is 

defined. The mole fraction of water in the presence of a CH4-CO2 mixture is calculated as 

below,

Xw = 1— X gCH4 — X gC02 (59)

The solubility of each of the components is calculated by Henry’s law; however, it also 

needed to be multiplied by the mole fraction of each component in the feed. Thus, 

equation (59) takes the following form,

X.., = 1 - Y,CH4
CH4,mix

H C02
CH4 J

f  ^CO 2,mix 

^ 0 0 2
(60)

Here fcm, mix is the fugacity of C H 4  in the C H 4-C O 2 mixtures and so is fco2, mix- Note that 

the fugacity in the mixture is different from pure component fugacity and is calculated by 

a separate EOS. The rest of the terms in the original numerical scheme remain the same 

as those of simple hydrates. Thus with the incorporation of equations (57)-(60), a new 

function f(P) is developed. Although it has form similar to that of equation (51), it is still 

a complex function of pressure due to the form of equations (57) and (60). Thus if the 

Newton-Raphson scheme is to be employed for this, it will be required for computation 

of f  (P), which will be numerically complex.

In order to avoid these mathematical complexities, the root of the function f(P) is initially 

bracketed between two points. Once the interval is determined, the dissociation pressure
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is calculated using the bisection method. This method ensures a simple algorithm and 

hence avoids the numerical complexities in the calculations.

5.3 Hydrate Equilibrium in a Porous Medium

Here the numerical scheme remains the same except for the addition of the activity of 

water described by equation (24). The function f(P) changes to,

f(P) = f(T) + — In 
23

1

1 +  C sf g J
x 3 \ f + —  In

23
1

.1 + C,fg,
AV _. 2av

H P H-------
RT rRT

(61)

The additional term in the above equation is independent of pressure and hence f  (P) 

remains the same as given by equation (54), except that the Henry’s coefficient term is 

set equal to zero. The rest of the procedure remains the same. Uchida et al. (2002) did lots 

of measurements of hydrate dissociation conditions in confined small pores of glass. One 

of the significant observations of their work was that below the freezing point of water, 

the dissociation data approximately fit the line drawn for I-H-V equilibria of bulk 

hydrate. In other words, the I-H-V equilibria do not change irrespective of pore size. 

Hence it was assumed that I-H-V equilibria in a porous medium are the same as those of 

bulk hydrate phases.

5.4 Effect of Salt on Hydrate Equilibrium

In Section 4.6, Pitzer’s activity coefficient model is described in detail. The only 

difference between simple hydrate modeling and hydrate modeling in the presence of salt 

is inclusion of the activity of water. In equation (51), instead of Xw, aw (activity of water) 

is used. As described in Chapter 4, it is a function of pressure and hence its derivative 

takes following form as below,

£ ! H ^  = - lx C O N S x  
dP 2

D . o o o  + C In
B +1000

-2.5
c

B + P
(62)

where CONS is a constant independent of pressure. It is given as below,
.1.5

CONS = 18vm,
3000

1 I I057 7 f27cNoPw]
0.5

f ' 2 l1 m Xl1 + bI0.5 L 1000 ; U t J (63)
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Equations (62) and (63) were used in equation (54) to determine f  (P) and the Newton- 

Raphson scheme was followed for hydrate dissociation pressure calculations. This is true 

in the case of CH4 hydrates; however for C 0 2 hydrates, as mentioned in Chapter 4, it was 

necessary to account for the activity of water in the presence of gas. The activity of water 

in the presence of gas is approximated as equal to the mole fraction of water. In these 

calculations, Henry’s coefficient was calculated using equation (31) to account for the 

effect of salt. Also, at higher pressures, Henry’s law incorporating pressure correction 

was used. Again, these terms were functions of pressure and hence f  (P) was a complex 

function of pressure.

5.5 Elimination of Singularities in Langmuir Constant Calculations

In Chapter 4, the detailed procedure for the Langmuir constant calculations is discussed. 

Equation (16) is used to determine the Langmuir constant. Pratt and Sloan (2001) 

suggested that the upper limit of integration should be R-a, instead of R. The term a* is the 

hard sphere core diameter of guest molecule i. By changing the limits of integration, it is 

assumed that the interactions between the guest molecule and the hydrate cavity are 

confined to the cavity. It also signifies that there are no interactions beyond r = R-aj. The 

Kihara potential at r =R-aj corresponds to the guest molecule’s spherical core radius 

touching the edge of the cage. Hence, it doesn’t make sense to evaluate the Langmuir 

constant for values of r > R-aj. The modified equation for the Langmuir constant is as 

below:

The cell potential W (r) is calculated using equations (17) and (18). Note that in equation 

(17), r is in the denominator. Hence when r = 0, the cell potential will always contain 

singularities. Similarly when r = R-aj, equation (18) becomes equal to zero. Thus at r = 0 

and r = R-aj, the integral in equation (63) will contain singularities. The cell potential can 

be modified at r = 0 using L’Hopital’s rule as below:

(64)
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lim W(r) = 2Zs
r-»o

.12

R 11
8 10 + —8 U 1- ^ 8 4 + —8 5

R J R V R
(65)

where,
v-(N -l)

8 N = — 1 1 (6 6 )2 ( .  a ^
R R.

Thus, evaluation of equation (65) leads to a finite value of W (r) at r = 0.

At r = R-aj, the guest molecule’s spherical core radius is touching the edge of the cage, 

leading to the infinite repulsion. The potential W(r) will tend to positive infinity reducing 

the exponential term to zero, again making the integrand zero. Thus the integrand will 

contain no singularity. However, the implementation of this calculation on a computer is 

unstable due to the behavior of the integrands at its limit. A simple fix to the problem as 

suggested by Pratt and Sloan (2001) is to change the upper limit of integration to R-aj-E,,

where % is a small number (say 0.0001 A). These minor modifications eliminate the 

occurrences of any singularities in the integration term.

5.6 Calculation of Quadruple Points

As described in Chapter 2, quadruple points represent the transition points. The lower 

quadruple point Qi denotes the transition of Lw to I. In most of the cases, it is taken as 

equal to the freezing point of water, i.e. 273.15 K. Ideally one has to calculate the 

decrease in the freezing point of water due to the presence of gas. However, it doesn’t 

affect the freezing point of water to a great extent. Thus, for hydrate formation from pure 

water and gas, the lower quadruple point is approximated to be the freezing point of 

water. In case of hydrate formation in the presence of inhibitor, freezing point depression 

calculations as described in Chapter 4 need to be carried out. The lower quadruple point 

is thus taken as equal to the difference between the freezing point of pure water and 

temperature difference due to salt, AT. A similar approach is used in the case of hydrate 

formation in porous media.

The upper quadruple point Q2 marks the transition of vapor phase, V to liquid state, Lhc- 

It is approximated as the point of intersection of line Lw-H-V with the vapor pressure of
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the hydrate guest. In the case of methane hydrates, there is no upper quadruple point 

because of its low vapor pressure. In the case of CO2 hydrates, the upper quadruple point 

calculations are required. The EOS subroutine used for CO2 can calculate saturation 

pressure for a given temperature. Thus in each calculation of temperature, the 

dissociation pressure obtained was compared with the saturation pressure at that 

temperature. If the dissociation pressure is higher than the saturation pressure, it implies 

Lw-H-Lco2 equilibrium. The temperature, at which both dissociation pressure and 

saturation pressure are equal, is termed as the upper quadruple point for CO2.

5.7 Algorithm of Numerical Scheme

A Romberg integration scheme was used to determine the Langmuir constant defined by 

equation (64). This scheme is quite powerful for sufficiently smooth intervals, which 

contain no singularities, and where the end points are also non singular. In order to 

calculate df/dP as required by equation (54), the cubic spline scheme is used. The cubic 

spline provides continuous derivatives (i.e. df/dP) across the function, as needed by the 

Newton Raphson scheme. Different Fortran 90  programs were developed for C H 4, CO 2, 

and C H 4-C O 2 gas hydrates. The flow chart followed for the numerical scheme is shown 

in Figure 5.1.

The results obtained through this work were compared with either experimental data or 

CSMHYD. The acronym CSMHYD stands for Colorado School of Mine (CSM)- 

Hydrate, and is a computer code developed at CSM to estimate the equilibrium 

conditions of hydrate formation at different conditions. The main features of the program 

are as below.

1. Hydrate temperature or pressure predictions for structures I, II, and H with or

without inhibitors at three- and four-phase conditions (I-H-V, Lw-H-V, Lw-H-V-

Lhc)-
2. Calculation of water content of hydrocarbon vapor or liquid at specified

temperature and pressure within the hydrate stability region.

3. A simple vapor-liquid equilibrium flash calculation.
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Figure 5.1: Algorithm of Numerical Scheme
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CHAPTER 6  

RESULTS AND DISCUSSION

6.1 Conversions and Solution of Numerical Scheme

The numerical scheme developed in Chapter 5 is based on the criterion that, at 

equilibrium, Apw is equal to Apn (as described by equation 6 ). Based on this equation the 

function f(P) is derived, which is solved to obtain the hydrate equilibrium pressure for 

each temperature. The numerical scheme was developed to find the pressure, P, at which 

f(P) becomes equal to zero, which essentially fulfills the equilibrium criterion. The 

behavior of Apw and Apn with respect to pressure for a temperature is as shown in Figure 

6.1.

Figure 6.1: Behavior of Apw and Apn as a function of Pressure for Simple CO2

Hydrates at 276 K

The above figure is for simple CO2 hydrates at 276 K. We observe that initially Apn is 

quite small as compared to Apw. As the pressure increases, ApH increases linearly, 

whereas there is a constant increase in Apw with a very small slope. Finally, both lines 

intersect around 1.4 MPa, which is the equilibrium pressure of CO2 hydrate at 276 K. In 

the numerical scheme, similar steps occur with a correction in pressure in each step until 

the convergence is achieved.
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6.2 Simple Methane Hydrates

The numerical model developed in Chapter 5 was used to determine I-H-V and Lw-H-V 

equilibrium for bulk methane hydrate formation. The comparison of the results obtained 

from this study with the available experimental data (Sloan, 1998) and CSMHYD is 

shown in Figure 6 .2 .

Temperature (K)

Expt. Data CSMHYD UAF HYD Module

Figure 6.2: I-H-V Equilibrium for Simple CH4 Hydrates

As appears in the above figure, there is a slight difference between the experimental data 

and the results obtained through this work. An average error of less than 5% is obtained 

for these calculations. Furthermore an empirical correlation between logarithmic of 

pressure and inverse of temperature is obtained as below.

1/T

Figure 6.3: In (P) vs. 1/T for CH4 Hydrates (I-H-V Equilibrium)
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From this exercise, following P-T relationship of the form P = exp (a+ b/T) is derived for 

CH4 hydrates I-H-V equilibrium.

P = exp 7.5803- 1804.1
(65)

The comparison of Lw-H-V equilibrium for temperatures up to 285 K is shown in Figure 

6.4.

Temperature (K)

-♦— Experimental Data CSMHYD — UAF HYD Module

Figure 6.4: Lw-H-V Equilibrium for Simple CH4 Hydrates (T<285 K)

Above figure shows a close match between the experimental data, CSMHYD and this 

work. The average error is less than 2%. The P-T relationship obtained is as below.

7539.8 ̂P = exp 28.576--
T

(66)

The main difference between this work and CSMHYD can be observed above 285 K. 

The hydrate equilibrium pressures predicted through this work are in close agreement 

with the experimental data, whereas CSMHYD deviates significantly from the 

experimental data. This comparison is shown in Figure 6.5. In this work, an average error 

of less than 5% is obtained above 285 K. The P-T relationship obtained is as below.

11131Nexp 41.151-- (65)
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Temperature (K)

—♦— Experimental Data — CSMHYD a  UAF HYD Module

Figure 6.5: Lw-H-V Equilibrium for Simple CH4 Hydrates (T>285 K)

In our investigation, for simple methane hydrates, an average error of less than 5% is 

obtained. The most likely reason for the improved accuracy at higher temperatures is the 

use of an accurate equation of state (EOS) to determine methane gas fugacity. The EOS 

used for methane can predict the fugacity at higher pressure and temperature quite 

accurately. The phase equilibrium curve for CH4 hydrates is shown in Figure 6 .6 .

Temperature (K)

Figure 6.6: Phase Equilibrium Curve for Simple CH4 Hydrates
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6.3 Simple Carbon-Dioxide Hydrates

As described in Chapter 2, CO2 hydrates have both lower and upper quadruple points. 

Thus the numerical scheme developed in the previous chapter was used to predict I - H - V ,  

L w-H - V , and L w-H -L co 2  equilibrium. The comparison of the results obtained from this 

study with the available experimental data (Sloan, 1998) and CSMHYD is shown in 

Figure 6.7.

Temperature (K)

•♦— Experimental Data CSMHYD - * - U A F  HYD Module

Figure 6.7: I-H-V Equilibrium for CO2 Hydrates

As appears in the above figure, there is a slight difference between the experimental data 

and the results obtained through this work. An average error of less than 7% is obtained 

for these calculations. The P-T relationship derived for CO2 hydrate I-H-V equilibrium is,

f  2197 2̂ )
P = exp^8.2096 -  - y  - j  (6 8 )

The Lw-H-V equilibrium results are as shown in Figure 6 .8 . It is difficult to differentiate 

between all of the three curves and hence a close match can be observed. An average 

error of less than 2% is obtained in these calculations. The upper quadruple point (Q2) 

was obtained equal to 282.9 K. It is in close agreement with Sloan (1998). Above Q2, the 

equilibrium curve changes drastically and an almost straight vertical line is obtained for 

Lw-H-Lco2 equilibrium.
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Temperature (K)

-♦— Experimental Data CSMHYD a  UAF HYD Module

Figure 6.8: Lw-H-V Equilibrium for Simple CO2 Hydrates

The P-T correlation for this equilibrium is as below,

[
oonoA

33.959-—̂ —J (69)

The most important task was to predict the L w-H -L co 2  with accuracy. Most of the 

available models couldn’t predict this equilibrium accurately. That problem can be 

attributed to the inability of most of the EOS to predict CO2 liquid phase fugacity. The 

results obtained for L w-H -L co 2  are shown in Figure 6.9.

T e m p e r a t u r e  (K)

♦  • ■ ■ Experim enta l Data ~ m —  CSMHYD a  UAF HYD Module

Figure 6.9: Lw-H-Lco2 Equilibrium for Simple CO2 Hydrates
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The above figure shows a good match between the experimental data and the modeling 

results. There are deviations for temperatures above 288 K. One of the reasons for this 

discrepancy could be the inaccurate determination of hydrate equilibrium pressure. Since 

most of the experimental data for high temperatures was obtained in 1960, there is a 

possibility of inaccuracies associated with the experiments. However, this model does a 

good job of describing the L w-H -L co 2  equilibrium. An average error of around 1 0 % is 

obtained in these calculations.

The P-T relationship for this is as below,

P = exp 8 6 . 9 0 8 - ^ ^ -  (70)
V T J

In this work, for simple CO2 hydrates, an average error of around 5% is obtained. One of 

the reasons for the improved accuracy at higher temperatures is the use of accurate EOS 

to determine CO2 fugacity. The EOS used here can predict the fugacity in critical regions 

quite accurately. The complete phase equilibrium curve for CO2 hydrates with I - H - V  and 

L w- H - V  and L w-H -L co 2  equilibrium is shown in Figure 6.10.

Figure 6.10: Phase Equilibrium Curve for Simple CO2 Hydrates
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6.4 Methane-Carbon-Dioxide Mixed Hydrates

Limited research has been conducted on phase equilibrium measurements of C H 4-C O 2 

mixed hydrates. The comparison of the available experimental data with the modeling 

work is summarized in following two tables.

Table 6.1: CH4-CO2 Mixed Hydrate Phase Equilibrium (Part-I)

T (K) % c h 4 Pexpt (MPa) CSMHYD UAF HYD Module

277.0 6 6 . 0 2.84 2.76495 2.75164

278.9 70.0 3.46 3.47218 3.4213

278.9 64.0 3.43 3.33002 3.2904

280.9 6 8 . 0 4.24 4.24379 4.1508

275.5 40.0 1.99 1.99628 2.030

279.2 56.0 3.08 3.26864 3.2418

276.4 87.5 3.20 3.12197 3.1095

278.4 91.5 3.95 3.96001 3.9287

279.6 29.0 3.00 2.97051 3.011

Table 6.2: C H 4-C O 2 Mixed Hydrate Phase Equilibrium (Part-II)

T (K) % c h 4 Pexpt (MPa) CSMHYD UAF HYD Module

273.7 90 2.52 2.46247 2.4859

275.8 91 3.10 3.05132 3.054

277.8 92 3.83 3.75081 3.7307

274.6 8 6 2.59 2.57689 2.5856

276.9 87 3.24 3.26423 3.2436

279.1 87 4.18 4.0688 4.0098

273.8 75 2 . 1 2 2.14695 2.1628

279.4 78 3.96 3.8871 3.8157

273.7 56 1.81 1.8311 1.8596

276.9 58 2.63 2.58798 2.5876
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280.7 60 4.03 3.94915 3.883

275.6 50 1.99 2.14292 2.1649

278.5 53 2.98 2.97469 2.9645

280.9 60 4.14 4.03809 3.9672

274.6 27 1 . 6 6 1.68823 1.7363

276.4 30 2.08 2.08356 2.1269

278.2 32 2.58 2.6047

280.2 32 3.28 3.22889 3.2588

273.7 2 1 1.45 1.48614 1.5382

275.9 2 2 1 . 8 8 1.89546 1.9485

277.8 24 2.37 2.36339 2.4156

279.6 25 2.97 2.91884 2.9709

281.6 26 3.79 3.72901 3.7798

In both tables, % CH4 indicates the mole fraction of CH4 in the CH4-C0 2  mixture. The 

above data indicate that the experimental data and the modeling results are in close 

agreement with each other. One of the distinct advantages of this investigation is that 

convergence problems are not encountered, unlike for CSMHYD. For example, in Table 

6.2 at 280.2 K, and 32% CH4, the results are not obtained. This could be treated as one 

more advantage of this model over CSMHYD.

Since the experimental data on CH4-C02 mixtures is scarce, phase equilibrium diagrams 

are drawn for different CH4 compositions and are compared with CSMHYD. These 

comparisons are shown in Figures 6.11-6.14.

Although this modeling work proved to be quite accurate, there is one significant 

limitation. The EOS used for CH4-C02 mixtures works well below the critical region. 

However it doesn’t perform well in the critical region. Hence this model cannot predict 

the phase equilibrium above the upper quadruple point. It can predict the phase 

equilibrium accurately up to 283 K. But it can be considered as “acceptable”, since 

during reservoir simulations, the temperature of the reservoir is not expected rise above
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283 K. Secondly, the possibility of mixed hydrate formation is very slim because of very 

low mass transfer rates of CO2 through CH4 hydrates. Hence this model is reasonable for 

our purpose.

Figure 6.11: CH4-CO2 Mixed Hydrate Phase Equilibrium (20% CH4)

Tem perature (K)

■*—  UAF HYD Module CSMHYD

Figure 6.12: CH4-CO2 Mixed Hydrate Phase Equilibrium (40% CH4)
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Figure 6.13: CH4-CO2 Mixed Hydrate Phase Equilibrium (60% CH4)

Tem perature (K)
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Figure 6.14: CH4-CO2 Mixed Hydrate Phase Equilibrium (80% CH4)

As observed from the above figures, this model can predict C H 4 -C O 2  mixture hydrate 

equilibrium quite accurately (I-H-V and Lw-H-V). An average error of less than 5% is 

obtained in all the cases.
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6.5 Methane Hydrate Phase Equilibrium in the Presence of Salt

The presence of salt leads to the depression of freezing point and hence the activity of 

water. Figure 6.15 shows the new freezing point of water for various salt concentrations.

NaCI Concentration (%)

Figure 6.15: Freezing Point Depression of Water due to Salt

As seen in the above figure, the freezing point of water decreases with increase in the salt 

concentration. The freezing point depression causes change in lower quadruple point, Qi. 

In simple hydrates, Qi is approximated as equal to the freezing point of water. In the case 

of salt, Qi is taken as equal to the new freezing point of water. Hence for each salt 

concentration, the lower quadruple point is different. In case of I-H-V equilibrium, 

practically, salt ions don’t interact with ice. Thus, it is approximated that I-H-V 

equilibrium remains unaffected due to the inclusion of salt.

The presence of salt shifts the hydrate phase equilibrium towards the left side. The 

equilibrium pressures are much higher than those for the bulk hydrates. Figure 6.16 

validates this fact. It shows the comparison of the bulk hydrate phase equilibrium with 

that of the phase equilibrium in the presence of salt.

The comparisons for various salt concentrations were investigated. Figures 6.17 and 6.18 

show the comparison of the modeling results with the available experimental data.
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Temperature (K)

—♦— NaCI=5% — Si mpl e Hydrates

Figure 6.16: Comparison between Simple Hydrate and Hydrate Equilibrium in the

Presence of Salt

Figure 6.17: CH4 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=11.7%)

Figure 6.16 shows that the equilibrium pressures in the presence of salt are always higher 

than those for the bulk hydrates. As the salt concentration increases, the pressures 

become higher.
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Figure 6.18: CH4 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=3.0%)

As shown in Figures 6.17 and 6.18, this model is able to predict Lw-H-V equilibrium of 

methane hydrates in the presence of salt with an average error of less than 5%. There is a 

very small discrepancy between the experimental and modeling results. However, it is a 

reasonable match. The comparisons were carried out for 5 and 10 Wt% NaCl with 

CSMHYD as shown in Figures 6.19 and 6.20, respectively.

Figure 6.19: CH4 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=5.0%)
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Temperature (K)

—A— UAF HYD Module —»— CSMHYD

Figure 6.20: CH4 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=10.0%)

A close look at these figures indicates that for temperatures lower than 285 K, the hydrate 

equilibrium pressures from both models are in close agreement. However, above 285 K, 

the hydrate equilibrium pressures obtained from our work are higher as compared to 

CSMHYD. There are no experimental data available to validate our results. However, the 

trends observed for bulk hydrate calculations indicate the equilibrium pressures to be 

high, thus supporting the modeling work.
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6 . 6  Carbon-Dioxide Hydrate Phase Equilibrium in the Presence of Salt

As observed for methane, the hydrate equilibrium pressures for CO2 were also found to 

be higher than the bulk hydrate equilibrium pressures. Figures 6.21 and 6.22 show 

experimental data for CO2 hydrate equilibrium pressure for 3 and 5.552 wt% NaCI and its 

comparison with our work and CSMHYD, respectively. As seen in these figures, a close 

agreement between the experimental data and modeling work is obtained in both cases.

Tem perature (K)

Expt Data —* — UAF HYD Module —±— CSMHYD

Figure 6 .2 1 : CO2 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=3.0%)

Tern perature (K)

+ —  Expt Data  A  UAF HYD Module —»—  CSMHYD

Figure 6 .2 2 : CO2 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=5.552%)
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Due to variable concentrations of NaCl, some experimental data cannot be represented 

graphically. The data are summarized in Table 6.3. The modeling results agree well with 

the experimental data and CSMHYD.

Table 6.3: CO2 Hydrate Phase Equilibrium for Variable NaCl Concentrations

NaCl (% Wt) T  ( K ) Pexpt (MPa) CSMHYD UAF HYD Module

10.17 271.6 1.735 1.82421 1.8152

10.33 272.6 2.024 2.07671 2.04678

10.30 273.2 2.095 2.2289 2.1857

10.31 274.2 2.384 2.52616 2.4548

10.50 274.7 2.651 2.73258 2.6379

10.30 275.2 2.786 2.87296 2.7653

10.46 275.7 3.040 3.11249 2.9749

10.26 276.2 3.185 3.28107 3.1265

10.37 276.7 3.434 3.55818 3.3655

10.27 277.2 3.619 3.80029 3.5763

1 0 . 2 1 277.4 3.767 3.86376 3.6612

10.38 270.1 1.488 1.55505 1.5652

1 0 . 2 2 271.1 2.261 1.7266 1.7248

10.25 272.2 1.919 1.96874 1.9481

1 0 . 2 2 273.7 2.261 2.35708 2.3027

1 0 . 2 0 274.5 2.488 2.60308 2.5251

10.30 275.4 2.878 2.95044 2.8342

10.19 276.3 3.233 3.30818 3.1515

10.29 276.5 3.333 3.43243 3.2581

10.16 276.9 3.454 3.59712 3.4042

10.41 277.0 3.567 3.73415 3.5159

1 0 . 2 0 277.2 3.681 3.77592 3.5574
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As discussed in Chapter 4, the solubility of CO2 in water at high pressures is appreciable 

and hence it can not be neglected. Figure 6.23 shows modeling results obtained for 10 

wt% NaCl and its comparison with CSMHYD. As observed in the figure, both models 

are in close agreement for Lw-H-V equilibrium. However for Lw-H-LHc, our work 

predicts higher pressures as compared to CSMHYD. This is quite similar to the trend 

observed for pure CO2 hydrates. In the critical region, CO2 hydrate equilibrium pressures 

are quite high. The presence of salt leads to a shift of Lw-H-V equilibrium to Lw-H-Lhc 

equilibrium at lower temperature, as compared to the bulk hydrates. Hence the upper 

quadruple point (Q2) can be expected to be at temperature lower than 282 K. The EOS 

used for C 0 2 in this work is quite accurate, especially in the critical region. Hence the 

results obtained in Figure 6.23 can be considered accurate.

Figure 6.23: CO2 Hydrate Phase Equilibrium in the Presence of Salt (NaCl=10%)
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6.7 Hydrate Equilibrium in Porous Media

It is expected that the hydrate equilibrium pressures in porous media would be higher 

than those of bulk hydrates. Most of the experimental work being conducted on 

experimental measurement of hydrate equilibria in porous media is by Uchida et al. 

(1999, 2002). Their approach involved formation of CH4 hydrates in small pores of 

porous glass. They conducted the experimental measurement in porous glass of sizes

1000 A , 500 A , 300 A , 100 A , and 60 A . A similar approach is followed in this work, to 

determine hydrate equilibrium pressures in pores of the above sizes and compare them 

with the experimental data. Figure 6.24 shows the experimental data obtained for R=1000
O

A and its comparison with the model predictions. The data are also compared with the 

bulk hydrate phase equilibrium data to demonstrate the effect of porous media.

As shown in the figure, the experimental data and model predictions are in close 

agreement with each other. It should be noted that the bulk hydrate equilibrium pressures 

are slightly lower than the porous media hydrate pressures. The reason for this behavior

could be attributed to the fact that 1000 A is a large radius and hydrates are expected to 

exhibit behavior similar to that of bulk hydrates. The effect of porous media will be 

evident with a decrease in radius.

Temperature (K)

♦ Experimental Data ■ Model Predictions Bulk Hydrate Equilibria

Figure 6.24: Methane Hydrate Phase Equilibria in Porous Media (R=1000 A)
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Figure 6.25 shows the methane hydrate equilibria in R=500 A . A good match is observed 

between the experimental results and the model predictions. It is also evident from the 

figure that the porous media hydrate equilibria is deviating significantly from the bulk 

hydrate phase equilibria. As appears in the Figure 6.25, the equilibrium pressures in 

porous media are significantly higher than for the bulk equilibria. Thus it is confirmed 

that the hydrate equilibrium pressures in porous media increase with decrease in pore 

radii.

Figure 6.25: Methane Hydrate Phase Equilibria in Porous Media (R=500 A )

T em p era tu re  (K)

♦  Experim ental Data m Model P red ictions

Figure 6.26: Methane Hydrate Phase Equilibria in Porous Media (R=300 A)
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Figure 6.26 shows the comparison between the experimental data and the model
o

predictions for the radius of 300 A . As shown in above figure, there is almost a complete 

agreement between the experimental data and the model predictions. Figure 6.27 shows
O O

the data set for R= 100 A and R= 60 A .

Temperature (K)

♦ Expt Data (R=100) *  Model (R=100) a  Expt Data (R=60) aM ode l (R = 60 r

O
Figure 6.27: Methane Hydrate Phase Equilibria in Porous Media (R=100 A , R=

60 A)

As shown in above figure, the model predictions are in good agreement with the
O

experimental data. Although for R =100A , the experimental data give higher values,
o

there is still a reasonable match. Similar behavior is obtained for R = 60 A . An average 

error of less than 5% is obtained in the modeling work, which is quite reasonable and 

acceptable.

6.8 Sensitivity of Results towards Reference Properties

As described in Chapter 4, the use of accurate and appropriate reference properties is an 

important task and should be conducted very carefully. In this section, we demonstrate 

the effect of inappropriate properties on the final result.
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Initially, the sensitivity of the results towards the selection of reference chemical 

potential Apw° is discussed. In this work, Apw° is taken as equal to 1236 J/mol. Sloan 

(1998) used a value of 1263 J/mol for Apw0. If this value is employed in the numerical 

scheme, the results differ drastically from the experimental results. Figure 6.28 shows the 

P-T curve for methane hydrates with the new A(j,w° value.

Temperature (K)

I- * -D e lta U w =  1236 - * - DeltaUw= 1263^

Figure 6.28: Effect of Ap„° on Methane Hydrate Phase Equilibrium

As seen in the above figure, a slight increase in Apw° value moves the P-T equilibrium 

curve upward, thereby changing the equilibrium conditions. In the above figure, it 

appears that the change is not that drastic. However in case of CO2 hydrates, for Lw-H- 

Lco2 determination, the equilibrium is affected drastically. Hence, the selection of 

appropriate Apw° is important in modeling.

The calculations were also found to be very sensitive to Kihara parameter values. A 

difference of even 2-3% in values changes the phase equilibrium drastically. For CH4 

hydrates, the maximum attractive potential, 8 , is taken as equal to 154.54 K. Figure 6.25 

shows the change in results if s is taken as equal to 158.54 K. As seen in the figure, a 

change in Kihara parameter by 4 K changes the phase equilibrium drastically, and the 

dissociation pressure decreases as much as by 15%. The change in the Kihara parameter 

increases the Langmuir constant and thus the numerical scheme converges at a pressure 

less than the original equilibrium pressure. This discussion is applicable to the other two
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Kihara parameters. Any change in Kihara parameter values affects the calculations of 

Langmuir constant, thereby changing their values. This changes the fractional occupancy 

of cages, thereby affecting the value of Apn and hence the resultant equilibrium pressure. 

Thus the Kihara parameter values should be chosen carefully.

Figure 6.29: Effect of Kihara Parameters on Phase Equilibrium

The prediction of solubility is also an important factor in these calculations. The Henry’s 

coefficient expression must be able to predict solubility of gases in water accurately. The 

wrong solubility values can affect calculations. For example, in the case of CO2 hydrates 

at higher temperatures and pressures, if the pressure correction is not included the 

convergence will never be achieved. As discussed previously for the convergence of the 

numerical scheme, Apw and ApH must match. However in this case, the values did not 

match and convergence was not achieved. Figure 6.30 shows these calculations for CO2 

hydrates at 288 K. As seen in Figure 6.30, Apw and ApH diverge, and it appears as if there 

is no possibility of convergence. Even at high pressure (200 MPa), there is a big 

difference between the two values. Figure 6.31 shows the results obtained by the 

inclusion of the pressure correction in Henry’s correlation. As seen in this figure, Apw 

and Apn increased smoothly and converged at a pressure equal to 59.59 MPa. Thus it is 

important to predict the gas solubility accurately. Due to these considerations, the 

Henry’s coefficient expression should be used with utmost care.
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Figure 6.30: Apw and ApH Comparison for C 02 Hydrates at 288 K (No Pressure

Correction in Henry’s Correlation)

Figure 6.31: Apw and ApH Comparison for C 02 Hydrates at 288 K (With Pressure

Correction in Henry’s Correlation)
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the results obtained the following conclusions were drawn:

1. The gas hydrate phase equilibrium model developed in this work can predict 

hydrate dissociation pressures quite accurately. They were found to be in close 

agreement with the experimental data and results calculated using other 

commercial software.

2. At higher temperatures, the model does a good job describing the gas hydrate 

phase equilibrium. In particular, above 285 K the model can predict the gas 

hydrate equilibrium more accurately than any other existing models.

3. The van der Waals-Platteeuw model is been used by most researchers for gas 

hydrate phase equilibrium calculations. Many researchers have tried to modify the 

basic assumptions of the model. However, in this work most of the assumptions 

of the original model were retained and a close match was observed between the 

experimental data and modeling results.

4. The main reason for the improved accuracy is the use of a highly accurate 

equation of state to predict gas and liquid phase fugacities. The calculations 

demonstrate that the gas hydrate phase equilibrium can be predicted accurately 

using the original van der Waals-Platteeuw model without disturbing the original 

assumptions.

5. The results obtained from this work indicate that an optimized set of properties 

which include Kihara parameters, hydrate reference properties, Henry’s 

coefficient correlations, and accurate EOS could be used to predict gas hydrate 

phase equilibria quite accurately.

6 . The extension of the model to account for salt effects and porous media gave 

quite encouraging results. It justifies the assumptions and selection of various 

properties made during the model development.



Future Work

The phase equilibria of the mixed CH4-CO2 hydrate system couldn’t be described 

above the upper quadruple point. It is because the equation of state used in this 

work could not describe the phase behavior of mixtures in the critical region. This 

limitation can be overcome by use of other EOS which can describe gas mixture 

behavior in the critical region.

The modeling results underpredict the phase equilibria of CO2 hydrates above 290 

K  ( L w- H - L h c ) -  This limitation can be overcome by adding a subroutine to 

determine the activity of water in the presence of CO2. In the modeling work, it is 

assumed to be equal to 1. However at higher pressures, CO2 has appreciable 

solubility in water, which can reduce water activity well below 1. Thus, the 

incorporation of water activity would eliminate the discrepancy between the 

experimental data and model predictions.

The model developed for porous media has radius as the only variable to quantify 

the porous medium. However, in real cases, porosity and permeability are usually 

the only variables used to describe porous media. Thus, a numerical scheme is 

needed which can provide a nice linkage between the modeling work and porous 

media properties.

The van der Waals-Platteeuw model may not work at very high pressures (< 150 

MPa). This is possibly because the cages get compressed at those pressures. Thus 

a pressure correction is required in terms of the cage dimension (radius of the 

cage) to improve the accuracy at higher pressures.
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Appendix A

Constant for Each Gas in Henry’s Coefficient Correlation

Table A l: Henry’s Constant Parameters for Methane

H°kW -365.183

H*kw 18106.7

H \w 49.7554

H \ w -0.000285

Table A2: Henry’s Constant Parameters for Carbon-Dioxide

B(0 ) 7.83666 x 107

B(l) 1.96025 x 106

B(2) 8.20574 x 104

B(3) -7.40674 x 102

B(4) 2.18380

B(5) -2.2099 x 10"3

Table A3: Salting-out Coefficient Constant Parameters for Carbon-Dioxide

C(0) 1.19784 x 10"1

C(l) -7.17823 x 10-4

C(2) 4.93854 x 10' 6

C(3) -1.03826 x 10' 8

C(4) 1.08233 x 10' 11



Parameters for Dielectric Constant Calculations of Water

Table A4: Dielectric Constant Parameters of Water

u , 3.4279 x 102

u 2 -5.0866 x 10'3

u 3 9.4690 x 10'7

u 4 -2.0525

u 5 3.1159 x 103

u 6 -1.8289 x 102

u 7 -8.0325 x 103

Us 4.2142 x 106

U9 2.1417


