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ABSTRACT

Gas hydrates are crystalline substances, occurring in nature under high pressure and low 

temperature. Numerical studies were conducted on dissociation of gas hydrate to recover 

natural gas. The model is a cylindrical geometry with a wellbore at the center through 

which hot water is injected. Through this thermal stimulation technique frozen hydrate 

reservoir is melted and natural gas is released. The computational fluid dynamics 

software FLUENT was adopted to generate the model. The initial model was solely 

comprised of a hydrate layer. This model was refined by adding the overburden and the 

underburden to the hydrate and exploring the thermal regime of the entire composite 

medium. Unsteady state results showing the dissociation front propagation with respect to 

time were calculated. In the first part, the hydrate medium is dissociated by the 

conduction phenomenon only. In the second part, due to the porous nature of the hydrate 

medium, both conduction and convection phenomena are considered. This thesis presents 

the following results obtained from simulations using Fluent. They are: temperature rise 

within the reservoir with time, temperature profiles in the radial direction, and steady and 

transient state solutions of the dissociation of gas hydrate with the liquid fraction in the 

reservoir. Comparison of our results with a finite difference model and a finite element 

model is also included. Volumes of gas released with respect to time and thermal 

efficiency ratios are also determined.
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CHAPTER - 1 

INTRODUCTION

The aim of this study is to develop a numerical model through which gas hydrate 

dissociation can be analyzed and studied. Gas hydrates are crystalline substances 

composed of water and gas, in which a solid water-lattice accommodates gas molecules 

in a cage-like structure or clathrate as shown in Figure 1.1. They are formed at places 

where low temperatures and high pressures are available. They are made up of water and 

gas in fractions of 85% and 15%, respectively. Gases are made up of methane, ethane, 

propane, isobutene, butane, nitrogen, carbon dioxide and hydrogen sulphide. Of this 15% 

gas content, methane makes up 85% to 99%. A very large amount of gas can be trapped 

in a small volume of hydrate. From one cubic foot of hydrate 165-180 SCF (standard 

cubic feet) can be extracted (Sloan, 1999).

Figure: 1.1 Crystalline structure of gas hydrate. (Jaiswal, 2004)

1.1 AVAILABILITY OF GAS HYDRATES

1C 1 o
Worldwide estimates of natural gas from hydrates are 3.1x10 ' to 7.6x10 cubic 

meters, which exceeds the known conventional gas reserves (Max, 2000). The volume of 

methane from the gas hydrates from the U.S.A alone is 200,000 TCF (Trillion Cubic 

Feet). According to Jaiswal (2004) in 2000, 22 TCF of natural gas was used in the US 

alone. Even if 5% is recoverable from the 200,000 TCF, it can last for 400 years for U.S.
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Hydrates can be classified into three types according to their structure. Structure I has 46 

water molecules, Structure II has 136 water molecules and structure H has 34 water 

molecules. Structure I is more commonly available (Collett and Patil, 2002). In 

permafrost regions gas hydrates can exist at subsurface depths ranging from 

approximately 130 m to 2000  m and in oceanic regions from 500 m to 2 000  m from sea 

surface (Collett and Patil, 2002). They are present in the North Slope of Alaska, Siberia, 

Scandinavian countries, Antarctica and other permafrost regions of the world. They also 

occur beneath the seabed. Figure 1.2 shows the places where hydrates are available all 

over the world.

To extract this huge amount of resource, different methods have been proposed 

(Figure 1.3). From the phase behavior of hydrates it is found that hydrate can be 

dissociated by (i) Depressurization, (ii) Thermal Stimulation and (iii) Injection of 

Inhibitors. Other new ideas suggested are electromagnetic heating and down hole heating. 

In the first case the heat supplied from the electromagnetic waves accomplishes a 

temperature rise and in the second case a portion of the released gas is used to supply the
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heat by burning it. The well-studied extraction method is the cyclic injection of a hot 

fluid such as steam, hot water or brine. Extracting this huge amount of gas could boost 

the economy and reduce the rise in the price of natural gas in the United States.

1.2 DIFFERENT TYPES OF EXTRACTION METHODS

1.2.1 Depressurization Method

Decomposition of gas hydrates is achieved by reducing the pressure below the 

three-phase vapor-liquid-hydrate equilibrium pressure. By this method gas was produced 

in the Messoyakha hydrate reservoir in Siberia in 1965. The depressurization method is 

applicable only where the hydrate reservoir has some free gas. Collett and Patil (2002) 

reported that the energy efficiency ratio for this method was 10-11. The energy efficiency 

ratio (EER) is defined as the ratio between the energy content of the released gas to the 

energy input supplied by the hot water to release the gases. Freezing of ice is one of the 

problems since this is an endothermic process and due to Joule-Thompson cooling.

z? T?-CT‘ • „ . Energy Content o f  the released gasesEnergy Efficiency Ratio = -------—------------------------------------ 5------
Energy input by the hot water

1.2.2 Thermal Stimulation

By increasing the hydrate reservoir temperature the decomposition is achieved. 

To increase the temperature of the reservoir heat has to be supplied. This heat can be 

supplied in many ways and some of them are listed below.

1.2.3 Hot Water/Hot Brine/Steam Injection

These fluids are injected through the holes drilled in the hydrate reservoir field. 

Heat is transferred from hot water, hot brine or steam to the hydrate dissociation process
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and gas and water are released. A significant amount of heat will be lost to the wellbore. 

To reduce this heat loss a high injection rate and a low injection temperature has to be 

applied. Since hot brine acts as an inhibitor itself it has the highest efficiency among the 

three fluid injection methods. Release of a large amount of water from hydrate 

dissociation and the injection of hot water or brine or steam make the water handling 

problem more difficult.

Figure: 1.3 Different extraction methods of gas from hydrates (Jaiswal, 2004)

1.2.4 Inhibitor Injection

Methanol and ethylene glycol are used as inhibitors that reduce the dissociation 

temperature of the hydrate, thus making the process more energy efficient. Brine also acts 

as an inhibitor; that’s why it has the highest energy efficiency ratio among the different 

fluid injection methods. Due to the high cost of the inhibitors it is wise to use them in 

small reservoirs. They can also be used to enhance the gas recovery process.
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1.2.5 Electromagnetic/Electrical/Microwave Heating

Supplying heat for hydrate dissociation using these methods is still at the 

conceptual stage. These methods are good for large volume reservoirs. For 

electromagnetic heating an energy efficiency ratio of 40 was reported by Islam (1994) in 

his simulation model. The success of these processes also depends upon the depth of the 

reservoir.

Figure 1.4 shows the demand for hydrate in the near future. In 40 years 10 tcf per 

year of gas from hydrate is going to be used. This is equal to the gas from unconventional 

resources, which is going to be used during the same period of time. Hence analyzing the 

different methods of extracting this huge resource is very important for the welfare of 

humankind.

Figure: 1.4 Hydrates as future energy resource (Jaiswal, 2004)
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1.3 LITERATURE REVIEW

To extract this huge source of energy a lot of studies were done all over the world, 

especially where hydrates are available in huge amounts. The studies included both 

numerical and analytical solutions. All this previous research primarily analyzed the 

feasibility of gas extraction from hydrate reservoirs. Some analyzed the places where 

hydrates are available, the stability conditions of the hydrate reservoir and the hazards 

associated with the extraction process. In this introduction section we are presenting the 

various models created by the previous researchers, exclusively for gas extraction from 

hydrate reservoirs, rather than other works on hydrates.

Bayles et al. (1984) developed an energy balance model to investigate the 

dissociation of gas from hydrates by cyclic injection of steam. Heat transfer by 

conduction was considered and the convection phenomenon was neglected. Analytical 

equations were used to address the heat losses in the wellbore, and top and bottom 

portions of the model. The energy efficiency ratio of produced gas versus energy supplied 

by the injected steam was also calculated.

Kamath and Godbole (1987) analyzed the thermal efficiency for cyclic steam 

injection and cyclic hot brine injection methods used in the process of gas recovery from 

hydrates. Properties of the reservoir hydrate, rock and fluid remain the same at all times. 

The model did not include the convection process in the dissociated zone. Inclusion of 

convection effects will increase the difficulty of the model. The model was applied in 

three stages namely; steam or brine injection, hydrate dissociation and gas production. 

Heat losses to the overburden and underburden were calculated. For the same heat 

injection rate, brine injection showed more gas production and energy efficiency than 

steam injection. Gas production and energy efficiency ratio were studied by varying 

different parameters.
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A two dimensional finite difference heat transfer simulator was created and 

applied to analyze the dissociation of hydrate in a radial reservoir for various drilling 

methods by Roadifer et al. (1987). The hydrate dissociation was analyzed in porous 

media with variable thermal properties. The model’s results were compared with a 

melting problem, which is similar to the model. Parametric study was done to analyze 

the impact of these different parameters on gas hydrate dissociation.

Selim and Sloan (1989) created a one-dimensional analytical model, which 

simulates an in-situ hydrate thawing which is due to the temperature rise at the boundary 

of a semi-infinite region in a porous medium. They analyzed the heat and mass transfer at 

the time of hydrate dissociation. Constant thermal properties were used for both the 

dissociated and undissociated zones.

Das & Srivastava (1993) created a finite element method to solve a cylindrical 

phase change problem and applied it for hydrate dissociation. They didn’t consider it as a 

porous medium and neglected the effect of convection and assumed that the heat was 

transferred from the hot water by conduction only to the hydrate reservoir. Respective 

thermal properties were used for the thawed and frozen zones. Within the zones effective 

and constant thermal properties of the rock, water and gas were calculated and used. The 

whole model was considered as isotropic and homogeneous. The temperature boundary 

conditions were calculated according to the geothermal gradient and applied. Different 

parametric studies were conducted. The volume of gas production was also calculated 

from the melt radius.

A finite element scheme was developed by Scott et al. (2004 (a)) to model fluid 

flow and heat transfer in porous media for recovery of oil and gas. The formulation was 

capable of handling conductive and convective heat transfer analysis. Subsequently it was 

extended by Scott et al. (2004 (b)) and (2004 (c)) to include the latent heat effect due to 

phase change and was applied to hydrate reservoirs. Validation with real hydrate field
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data was not done since the model was limited to calculating only a small thickness of the 

reservoir. It did not have a mesh generation subroutine and element geometries were 

incorporated into the program by hand to demonstrate the computations in a small 

domain of a few feet thickness of a hydrate reservoir. Computational times were very 

large and the program was not optimized for large fields of hydrate. Therefore, in this 

thesis we adopted Fluent, with its mesh generation capability and optimized 

computational scheme to simulate actual hydrate reservoirs.
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CHAPTER -  II 

MATHEMATICAL MODELING

2.1 ANALYTICAL MODELING

There are some analytical solutions available for predicting the melting of a 

cylindrical region under several simplified assumptions. Some approximate analytical 

solutions are available in Lunardini (1981). They are discussed in the following sections.

2.1.1 Approximate Solutions

Lunardini (1981) provided some analytical solutions in two different cases, 

namely zero superheat and finite superheat. In the first case the temperature of the 

medium is initially uniform at the fusion temperature. The second case is when the initial 

temperature is not at the fusion temperature.

2.1.1 (a) Zero Superheat

Under zero superheat different methods are analyzed for solving the problems. 

They are:

(a) Constant Phase Change Rate

(b) Zero Sensible Heat

(c) Heat Balance Integral Approximation

2.1.1 (b) Finite Superheat

This approach results in a more difficult analysis since the initial temperature of 

the medium is not at the fusion temperature. This approach is more realistic. The different 

methods described are:
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(a) Quasi -  Steady Solution

(b) Heat Balance Integral Approximation

(c) Coordinate Transformation

(d) Constant Surface Heat Flux

2.1.2 Temperature Drop of Hot Water in the Wellbore

As mentioned in the introduction chapter, gas hydrates occur beneath the earth’s 

surface and in oceanic regions. On the North Slope of Alaska they occur beneath the 

earth’s surface within permafrost regions. When hot water is injected into the hydrate 

reservoir some heat will be lost to the surrounding soil, which may be permafrost, before 

it reaches the hydrate reservoir. Because of this heat loss there will be a temperature drop. 

Hence when the injected water reaches the hydrate reservoir it will have a lower 

temperature and it will delay the melting process. To avoid this temperature drop, 

insulated pipes should be provided from the earth’s surface to the point where the hydrate 

region starts. We have taken a depth of approximately 650 m based on Alaska’s North 

Slope data. This depth will vary from place to place. A schematic diagram is shown in 

Figure 2.1.

The temperature decrease of the injected water in the wellbore when it reaches the 

hydrate region was calculated. This temperature drop calculation was done for steady 

state. Since water is injected at different temperatures, the thermal properties of water 

vary, and this is taken into account by taking the appropriate density, specific heat 

capacity, thermal conductivity and heat transfer coefficient.



Figure: 2.1 Schematic diagram showing different parts of the hydrate reservoir.

In the parametric study analysis, water temperature has been varied from 396 K 

(123 °C) to 456 K (183 °C). Hence a model calculation is presented for a temperature 

value of 398 K (125 °C). In our model we assumed that the hydrate region’s top layer, 

that is the overburden, starts at a depth of 650 m from the Earth’s top surface. Our model 

is a long cylinder whose inlet is at 0 m and outlet is at 650 m. The soil temperature 

surrounding the pipe is assumed as 268 K (-5 °C) at the top and 278 K (5 °C) at the 

bottom.
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The heat transfer rate is given by (Bejan, 1993) as

, _ L zL  (2-D

where

Ti, -  Water temperature at the bottom of the pipe

Tc-  Soil temperature surrounding the bottom of the pipe

Rt is the overall thermal resistance for a composite cylinder, which is given as

In
1

/ \ / \ 

Inr2 ' 3

\ V2j (2.2)

h;A, 2nk.J 2

where

hi-Heat transfer coefficient

As -  Surface area of the pipe

Kj -  Thermal conductivity of the steel pipe

k 2 -  Thermal conductivity of the insulation

I -  Length of the pipe

ri -  Inner radius of the pipe

r2 -  Outer radius of the pipe

r j -  Radius of the pipe with insulation

Mass flow rate m  is 5.6 kg/s.

(This value is from Fluent for porous media flow for an injection pressure of 1500 psi and 

a permeability of 100 md).

Surface area of the wellbore Aw =7tdl = 612.61 m2

Specific heat capacity varies with temperature and is tabulated in Table 2.1

In this calculation water properties were calculated at 410.5 K (137.5 °C), the average

value of inlet and outlet temperatures, assuming the inlet temperature to be at 423 K (150

°C). In calculating the heat transfer coefficient, first the flow was determined whether

laminar or turbulent. After that the Nusselt number was calculated. Finally the heat
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transfer coefficient was calculated. From the mass flow rate the velocity was calculated, 

which is necessary to calculate the Reynolds number. 

th= pAV  (2.3)

V = —  = --------- — ----- — = 8 .5 4 x l0 ' 2 m /s
pA 927.28x^(0.15)

Then the Reynolds number was calculated from the following formula.

„ UDp 8.54xl0~2 x0.3x927.28 (2.4)Re = — — =    = 114216
p  2.08x10

From this the flow was found to be turbulent. Hence the corresponding formula was used 

to calculate the Nusselt number. The formula was given as:

N u d = —  = 0.023 Re^ Pr5 (2’5)
D k D

4 1 4 1

Nud =0.023Re’ P r ' =0.023x114216' x 1.315* =280.1

After calculating the Nusselt number heat transfer coefficient h was calculated.

A = M a  = 280.1x0.68 
D 0.3

Substituting all other parameters in Eq. (2.2) we get the overall thermal resistance. The 

steel pipe’s thickness is 7 mm. The insulation thickness is 3.5 cm. The thermal 

conductivity of the steel pipe and insulation are 43.3 W/mK and 0.0346 W/mK,

respectively. The material properties values are taken from the paper of Kamath and

Godbole (1987).

In
1

^0.157  ̂
0.15

In
0.192N 
0.157.R, =~ 1-------— + ------ — 7 + ------------------  = 1.42x10

634.89x612.61 2 ^x 4 3 .3 x 6 5 0  2^x0 .0346x650

This Rt value is substituted in Eq. (2.1) and the heat transfer rate is calculated. 

125-5 
1.42x10'

q = - -  = 84507

From this heat loss the temperature drop is calculated by using Eq. (2.6), which is given

as:

q = m ev (T -  To) (2 .6 )
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where

m- Mass flow rate of water 

Cp -  Specific heat capacity of water 

T0 -  Outlet temperature of water 

T, - Inlet temperature water

Substituting the respective values in Eq. (2.6) we get:

84507 = 5 .6 x 4255 x (T. -  125)

Ti =128.54 °C (401.54 K)

2.1.3 Heat Loss by the LMTD Method

In this section an approximate calculation was made to estimate heat loss from the 

hot water in the wellbore to the surrounding medium. As the hot water temperature 

changes from 401.54 K (128.54 °C) at the inlet to 398 K (125 °C) at the outlet, the wall 

temperature also changes. This change is accounted for by the Log Mean Temperature 

Method (LMTD).

The total heat loss from the hot water to the surrounding medium is given by Bejan 

(1993) as

Because of the A T  averaging, the factor is defined as Log Mean TemperatureIm
Difference (LMTD) between the wall and the stream (hot water).

Eq. (2.7) can be written as:

q = hAwATlm 

where A T  - A T
AT. = — ^ f  

f  A T  ^

(2.7)

(2.8)

AT = T  -T- AT = T  - Tin w  in out H’ o

(2.9)

where



15

(2.10)

U: =
1 ),— I—-In

h kI

The soil temperature at the inlet and outlet are assumed as 268 K (-5 °C) and 278 K (5 

°C) respectively. The inlet and outlet water temperatures are 401.54 K (128.54 °C) and 

398 K (125 °C). Substituting the above values in Eq. (2.8) gives:

A Tlm =130.19 °C

The heat transfer coefficient (/, is calculated as

1
U

1
634.89 43.3

Substituting all the variables values in the Eq. (2.9) gives the heat loss as: 

q = 1.097x612.61x130.19 = 87492IV

Heat loss calculated by the LMTD method is slightly higher than that by the other 

method, because in the previous method outlet temperature conditions were used. 

Initially we assumed that water is injected at 423 K (150 °C) and water properties are 

calculated at 410.5 K (137.5 °C). Now the average of inlet and outlet temperatures is 

399.77 K (126.77 °C), which is close to the assumed temperature.

Tables 2.1 and 2.2 show the thermal properties of the water at different temperatures. The 

heat transfer coefficient is also listed for different temperatures. Since temperature was 

varied from 396 K (123 °C) to 456 K (183 °C) in the parametric study analysis, the 

thermal properties of water are presented for these temperature values.
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Table 2.1 Different thermal properties used for temperature drop calculation

Ti„ (°C) k (w/m.K) Cp (J/kg/K) Pr ^  (Kg/m.s) p  (Kg/m3)

123 0.68 4238.14 1.48 2.36xl0"4 939.31

143 0.68 4261.74 1.25 1.98xl0"4 922.71

163 0.674 4330.06 1.11 1.73xl0'4 902.83

183 0 .666 4422.46 1.02 1.54xl0’4 881.17

227 0.638 4693.24 0.90 1.23xl0'4 828.45

277 0.587 5308.98 0.92 1.002x1 O'4 752.38

320 0.5 6927 1.215 8.45x10"5 660.95

Table 2.2 Further parameters needed for outlet temperature calculation.

Tin (°C) V (m/s) Re Nu h (w/nr K)

123 0.084 100299.20 262.70 595.45

143 0.085 118833.86 284.41 644.67

163 0.087 136207.30 304.91 685.04

183 0.089 152777.74 324.96 721.42

227 0.095 191957.92 374.15 795.71

277 0.105 236526.64 445.42 871.54

320 0.119 281267.90 561.32 935.53



17

2.2 NUMERICAL MODELING

Numerical modeling is an approximate analysis of problems for which getting a 

exact solution is not possible. We can get some approximate solutions in one dimension 

but for two and three dimensional problems it is not possible by analytical methods. For 

problems with complex geometries there are no analytical solutions. This forces us to 

solve them by numerical methods. The solutions we get from any numerical method are 

not exact solutions but they are good enough for engineering purposes.

There are many software packages available, like Fluent, Flotherm and Abaqus, 

for solving different kinds of problems. Our numerical modeling was done by using 

Fluent. Since all of the modeling was done and solved in Fluent, it is necessary to explain 

the software package.

2.2.1 Fluent

Fluent is a state of the art computer program for modeling fluid flow and heat 

transfer in complex geometries. Fluent is written in the C programming language and is 

based upon the finite volume method. Researchers can write their own program and use it 

as a user defined function to get better solutions. Fluent has an in-built graphical user 

interface called Gambit, which provides complete mesh flexibility for complex 

geometries.

These are all the basic steps to be followed to solve a problem using Fluent:

1. Creating the model geometry and grid

2. Selecting appropriate solver for 2D or 3D modeling

3. Importing the grid

4. Checking the grid

5. Selecting the solver formulation

6 . Enabling the basic equations to be solved
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7. Specifying material properties

8 . Specifying boundary conditions

9. Modifying convergence parameters

10. Initializing the model

11. Calculating the solution by proper iterations

12. Examining and saving the results.

2.2.2 Gambit

Gambit (Geometry And Mesh Building Intelligent Toolkit) is the graphical user 

interface in which the geometry is created and meshed. It comes with Fluent. Gambit 

supports many mesh types including 2D triangular, quadrilateral and 3D tetrahedral, 

hexahedral, pyramid, wedge and mixed meshes. One of the main advantages of Gambit is 

the availability of unstructured meshes, which can be used for complex geometries.

For melting problems the energy equation used in Fluent (2001) is given by

Since we do not have any heat generating source, S vanishes. Also the porosity of 

the medium containing hydrate is assumed low in the beginning model. Therefore fluid 

velocity is neglected and only heat conduction is considered.

Therefore, for the problem at hand the above equation becomes:

The enthalpy of the material is calculated as the total sum of the sensible enthalpy 
h and latent heat AH .

~\
—  (pH ) + V .(pvH ) = v.(*vr) + 5 
ot

(2.11)

~ ( p H )  = V.(kVT) 
dt

(2.12)

H = h + AH (2.13)
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T

k  =  K  +
(2.14)

In Fluent the liquid fraction f t  is defined as follows. 
0=  0  if 7  <T ...
'  solidussolidus

/?=  1 i f T >T
liquidus

- T
solidus

solidus

liquidus
(2.15)

The latent heat content is written in terms of the latent heat of the material L.

AH  = /3L (2.16)

2.2.3 Material Properties

The hydrate matrix consists of pure hydrates, rock, water and gas. Hence the 

material properties were expressed as weighted properties of pure hydrate and rock. The 

weighted properties were calculated by the following equations taken from Das & 

Srivastava (1993).

The heat capacity and thermal conductivity of the hydrate zone are calculated by Eq.

(2.17) and Eq. (2.18)

Where subscripts HZ, R and H are hydrate zone, rock and hydrate respectively. 
S H is the ratio between the thermal conductivities of hydrate and rock.

(PCP ) HZ ~̂  “  K)PrCpR + <t>PH (2.17)

(2.18)
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The dissociation temperature and latent heat of dissociation are a function of hydrostatic 

pressure at the hydrate zone and expressed by Eq. (2.19), Eq. (2.20) and Eq. (2.21), 

respectively.

2.2.4 Gas Influx Calculations

The amount of gas released can be calculated in the following manner once the 

radius of the melting front zone is known. The following equations were taken from Das 

and Srivastava (1993).

Volume of hydrates dissociated (VH) during time interval is given by:

Tf {z) = 15360.8
-459 .7  - a (2.19)

3 7 .0 5 -In fo  (z))

Lf {z) = <pSH{10743.1-1.92047) (z)) 

PR(z)=  0.435 z + 14.7

(2.20)

(2.21)

(2.22)

Moles of methane gas originally contained in this volume are:

(2.23)

Moles of methane contained in this volume (VH) at the well bore conditions:
(2.24)

8

The pressure against the formation is given as: 
Pf = pm eqgZ (2.25)

The gas influx at the surface becomes:

(2.26)
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2.3 POROUS MEDIA MODEL

2.3.1 Some Limitations and Assumptions

In Fluent an empirically determined flow resistance is incorporated in the region 

defined as porous. In essence, the porous media model is added with a momentum sink in 

the momentum equations. Fluent uses and reports a superficial velocity inside the porous 

medium based on the volumetric flow rate. The effect of porous medium on the 

turbulence field is only approximated.

Momentum equations in porous media are modeled by the addition of a 

momentum source term to the standard fluid flow equations. The source term is 

composed of two parts, a viscous loss term (Darcy, the first term on the right-hand side of 

the equation) and an inertial loss term (the second term on the right hand side of the 

equation):

where Sj is the source term for the ith (x,y or z) momentum equation, and D and C are 

prescribed matrices. This momentum sink contributes to the pressure gradient in the 

porous cell, creating a pressure drop that is proportional to the fluid velocity (or velocity 

squared) in the cell.

The simple case of homogeneous porous media:

(2.27)

(2.28)

where Otis the permeability and C2 is the inertial resistance factor.
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2.3.2 Darcy’s Law in Porous Media

In laminar flows through porous media, the pressure drop is typically proportional 

to velocity and the constant C2 can be considered to be zero. Ignoring convective 

acceleration and diffusion, the porous media model reduces to Darcy’s Law.

a

Inertial losses in our model are assumed to be zero. Only viscous losses are considered.

2.3.3 Energy Equation in Porous Media

Fluent solves the standard energy transport equation in porous media regions with 

modifications to the conduction flux and the transient terms only. In the porous medium, 

the conduction flux uses an effective conductivity and the transient term includes the 

thermal inertia of the solid region of the medium.

V p =  - ^ v (2.29)

J t b p ,E ,  + ( l - r ) P . E . ) + V - ( v f a , E , + p ) )

(2.30)

2.3.4 Effective Conductivity in the Porous Medium

The effective conductivity in the porous medium, keff, is computed by Fluent as 

the volume average of the fluid conductivity and solid conductivity.

* „ = J * , + 0 - r ) k ,  (2.31)
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when this simple volume averaging is not desirable, a user defined function can be used 

to calculate the effective thermal conductivity. In all cases, the effective thermal 

conductivity is treated as an isotropic property of the medium.
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CHAPTER -  III 

CREATION OF MODEL FOR HYDRATE DISSOCIATION

3.1 PRELIMINARY MODEL

A preliminary model was first created to deal with conduction only in the hydrate 

medium. This model does not include the porous media flow and convection process and 

also it does not include overburden and underburden. The model was created in Gambit, 

which is a grid generation software available with Fluent. After grid generation the mesh 

was exported to Fluent and solved after applying the boundary conditions and thermal 

properties. The model was an axisymmetric cylinder whose height was 15 m. The inner 

and outer radii were 0.15 m and 30.15 m respectively. The cylindrical domain (hydrate 

reservoir) is a matrix of rock, frozen water and gas. The hot water was injected through 

the inner radius that is the wellbore and the heat was transferred from the hot water to the 

hydrate medium in a radially outward direction, releasing water and gases.

3.1.1 Creation of Model

All the mesh models were created by Gambit. First the axisymmetric geometry 

was created and then the geometry was meshed. The preliminary model has 12,000 

elements and 12,431 nodes. After creating and meshing the model it was exported to 

Fluent. In Fluent the model was read and the grid was checked. If the meshing is not done 

properly Fluent will give an error message and we have to correct the mesh and export it 

again. After checking the grid the boundary conditions and properties of composite 

medium (rock, water and gas) were applied and the model was solved.
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3.1.2 Mesh Refinement Study

In any numerical analysis the geometry is divided into very small elements. How 

small the elements should be to get a correct solution was determined by this mesh 

refinement study. In our study we created four different meshes with different numbers of 

elements and nodes. The mesh that showed very good convergence and no further 

changes upon further refinement was selected and adopted for both the preliminary and 

improved conduction model. The first mesh was divided into 30x15 divisions, all equally 

spaced both in the radial and axial directions. This is shown in Figure 3.1. Both in the 

radial and axial directions, there is a division for every 1 m. The first mesh has 450 

quadrilateral cells and 496 nodes. The second mesh was divided into 120x15 divisions 

and has 1800 quadrilateral cells and 1936 nodes. This is shown in Figure 3.2. In the radial 

direction there is a division for every 25 cm, and in the axial direction, there is one 

division for every 1 m. The third mesh was divided into 300x30 divisions and has 9000 

quadrilateral cells and 9331 nodes. This is shown in Figure 3.3. In the radial direction for 

every 10 cm there is a division, and in the axial direction for every 0.5 m there is one 

division. All the above three meshes were equally spaced, that is, the distance between all 

nodes is same in the r -  direction (radial) and there is another fixed nodal distance in the z 

-  direction (axial).

The fourth mesh was divided into 400x30 divisions and has 12,000 quadrilateral 

cells and 12,431 nodes. The fourth mesh was created using a non-symmetric meshing 

method, called the successive ratio method, in Gambit. In this method the interval length 

ratio between successive lengths is the same. By this method the area near the wellbore 

was very closely meshed since it will experience the thermal shock due to a sudden jump 

in temperature at the boundary. In the previous three meshes, this close mesh was not 

done at the boundary. The radial direction was meshed with a successive ratio of 0.98 and 

in the axial direction it was equally spaced. This fourth mesh is shown in Figure 3.4.
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Figure: 3.1 Mesh 1 used in mesh convergence study (450 elements, 496 nodes)

Figure: 3.2 Mesh 2 used in mesh convergence study (1800 elements, 1936 nodes)



Figure: 3.3 Mesh 3 used for mesh convergence study (9000 elements, 9331 nodes)

Figure: 3.4 Mesh 4 used for mesh convergence study (12000 elements, 12431 nodes)
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Then the four mesh models were run for up to 1000 hours of transient heating and 

the results were compared. Initially the hydrate medium was at 279 K. The inner and 

outer radii were given a temperature boundary condition of 436 K and 279 K, 

respectively. The solidus and liquidus temperature of the hydrate are 280 K and 282 K, 

respectively. Solidus temperature can be defined as the temperature below which the 

hydrate is in solid phase. Liquidus temperature can be defined as the temperature at or 

above which the hydrate is in liquid state. The top and bottom layers were considered as 

insulated. The first mesh showed a temperature profile in which the temperatures at 0.65 

m and 1.65 m were 285 K and 280 K, respectively. We were not able to read the 

temperature at any other place except those two places untill 1.65 m. We approximately 

know that the dissociation front exists between those two places. This front will give us 

an erroneous value. This is because the mesh size of 1 m between two nodes is too long, 

as heating is too large, as seen from mesh 3 and 4. The temperature profile for the first 

mesh is shown in Figure 3.5. The second mesh showed a slightly improved temperature 

profile over mesh 1. This was also not very clear since the nodal distance is too large, 

with 25 cm in the radial direction. At this place it showed a temperature value of 316 K. 

Again we were not able observe the temperature at the wellbore.

The temperature profile for the second mesh is shown in Figure 3.6. For the third and 

fourth meshes we obtained almost the same temperature profiles. But 10 cm from the 

wellbore, the third mesh showed a temperature value of 416 K. The fourth mesh showed 

436 K near the wellbore, which is the right value. Since meshing was done very densely 

near the wellbore in the fourth mesh, we were able to observe the temperature rise of the 

wellbore very clearly. The temperature profiles for the third and fourth meshes are shown 

in Figures 3.7 and 3.8, respectively. The fourth mesh was selected since it has been 

meshed very finely near the wellbore, and so can handle the sudden temperature jump at 

the boundary. In all our future models we used the fourth mesh.



29



30

Radial Coordinate (m)

Figure: 3.8 Temperature (K) profile after 1000 hours of heating for mesh 4
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3.1.3 Grid Checking and Specifying the Model

After creating the proper mesh model in Gambit, it was exported to Fluent where 

the specified boundary conditions were applied and solved. First the grid was checked to 

ensure that it was done properly and there is no disconnectivity. For our case we selected 

(i) Axisymmetric, (ii) Segregated, and (iii) Implicit method options. In a segregated 

scheme governing equations are solved individually rather than in a coupled manner, 

reducing computational time. The implicit method allows larger time steps without 

causing instability. Of the two implicit methods, we selected a first order implicit method. 

The solidification and melting option in Fluent was turned on. Since the solid hydrate 

would thaw by the application of heat it was necessary to switch on this option. 

Switching on the solidification and melting option automatically switches on the energy 

equation.

3.1.4 Specifying Material Properties

In the material panel of Fluent, the properties of the hydrate were specified. The 

properties, included were thermal conductivity, specific heat, density, latent heat of 

melting, viscosity of molten liquid (water), solidus temperature and liquidus temperature. 

Solidus temperature means the temperature below which the hydrate is in a solid state. 

Liquidus temperature is the temperature at or above which the solid hydrate becomes 

liquid. The latent heat varies according to the depth and other conditions at which the 

hydrate reservoir exists. The property equations of composite hydrate medium are given 

in Chapter 2. The properties used for this base case are listed in Table 3.1. The values are 

taken from Das & Srivastava (1993).
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Table 3.1 Input parameters used for preliminary Conduction Model

Parameters Values
Density of hydrate reservoir 

Specific heat of hydrate reservoir 
Thermal conductivity of hydrate reservoir 

Viscosity of water 
Latent heat of hydrate 
Solidus temperature 

Liquidus temperature

914.7 kg/mj 
2260 J/kg.K 

0.394 W/m.K 
0.00167 kg/m.s 

86367 J/kg 
280 K 
282 K

3.1.5 Initial Condition

Initial conditions should be applied for transient solutions. Initially the whole 

reservoir is at 279 K. Though temperature of the top and bottom layer will differ slightly 

due to the geothermal gradient, we consider them to be the same and an insulated 

boundary condition was applied.

3.1.6 Boundary Condition

In subsequent refined models where we included overburden and underburden, 

temperature boundary conditions were applied for the top and bottom layers based on the 

geothermal temperature gradient. The inner wall and outer wall were given the 

temperature boundary conditions and heat was allowed to flow in the radial direction 

since the top and bottom portions were given insulated boundary conditions. Water was 

injected at 436 K from the surface. It was assumed that the inner wall (wellbore) reaches 

the injected water temperature immediately and was given a temperature of 436 K. For 

the outer wall the temperature was specified as 279 K, the temperature of the hydrate 

reservoir.
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3.1.7 Convergence Criteria and Solving the Model

After applying all these required boundary conditions in Fluent, the flow and 

momentum equations were switched on. Though no fluid flow was considered in this 

model, Fluent is programmed in a way that enabling the flow equation really solves the 

energy equation using negligible flow velocity. Then the convergence criteria for the 

momentum equation, energy equation, x-velocity, and y-velocity were specified. For all
3 - 6  3these equations the standard default values recommended in Fluent, 10' , 10" , 10" and 

10'3, were used, respectively. Since there is no fluid flow, it was observed from 

computational tables of Fluent that all the velocities were zero. Then the model was 

solved for steady state. After running the steady state, the solver was changed to unsteady 

state mode and initialized. At this stage, the time step size and number of time steps need 

to be specified. We performed a time step study analysis to come up with proper time 

steps during progressive hours of heating. The time step study is discussed in detail under 

section 4.2 of this thesis. After a specific time of heating, e.g., 1 hour, 2 hours, 10 hours, 

20, 30, 40, 50 hours and upto 40,000 hours, the results were stored and analyzed.

3.1.8 Post Processing of the Results

In the post processing analysis of Fluent output, we can read up to the radius to 

which the heat has penetrated and the temperatures at various radial distances. We can 

also see how much radius has been melted, the thickness of the mushy zone (the region in 

which both solid and liquid phases exist) and the region that still remains frozen. Since 

we do not have any fluid flow there is no velocity profile or pressure profile for this 

preliminary model. Radial temperature profiles can be plotted after a specific time of 

heating and the liquid fraction can also be plotted. In Chapter 5 we discuss the results of 

various simulations in detail.
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3.2 IMPROVED CONDUCTION MODEL

3.2.1 Need for the Improved Model

In the improved model a more realistic approach was used. In the preliminary 

model we assumed that the model region was completely made up of hydrate. But in real 

world hydrates do not exist separately. Hydrate is found with rock, soil and permafrost 

ice beneath the earth’s surface. In oceanic sediments they are combined with seawater 

and other materials. So in the improved model these other materials were included to get 

better results, closer to the real world scenario.

3.2.2 Creation of the Improved Model

In the improved conduction model two layers, one on the top and the other on the 

bottom of the preliminary conduction model, were included. Each layer is assumed to be 

completely made up of rock and the height of each layer is 7.5 m, thus making the total 

height of the improved model 30 m. The inner and outer radii are 0.15 m and 30.15 m, 

respectively, as in our preliminary model. The geometry and meshing was done in 

Gambit, as it was done for the preliminary model. The number of elements and nodes 

were 6250 and 5130, respectively. Since the inner radius was suddenly exposed to a 

higher temperature, it experienced a thermal shock. To avoid this thermal shock in this 

model, the meshing was done very densely near the inner radius. A detailed mesh study 

was done for the preliminary model. Based on this experience, we selected this meshing 

for better results though it increases the computational time a little bit. After the model 

was meshed it was exported to Fluent. The mesh used for the improved conduction model 

is shown in Figure 3.9
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After the mesh was exported to Fluent it was checked. Once the mesh was read 

successfully the boundary conditions were applied and solved. First the model was 

specified as a two dimensional, axisymmetric cylinder. Then the segregated, steady state 

and first order implicit method was selected. Both the energy equation and the 

solidification and melting models were switched on. In the operating boundary condition, 

1 atmospheric pressure was specified. In the actual case, the formation pressure of the 

hydrate is 890 psi. All the above mentioned procedures were same as for the preliminary 

conduction model.

3.2.3 Grid Checking and Specifying the Model

Figure 3.9 Grid used for improved conduction model
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As in the preliminary conduction model the properties were specified. Now we 

have two media, one the hydrate medium and the other the rock medium. The hydrate 

medium properties were same as specified in the preliminary model. For rock layers that 

are the overburden and underburden, the thermal conductivity, density and specific heat 

capacity were specified. The properties used for the improved conduction model are 

listed in Table 3.2. These values were suggested by Das & Srivastava (1993).

3.2.4 Specifying Material properties

Table 3.2 Input Parameters used for Improved Conduction Model

Parameters Values
Density of overburden and underburden 

Specific heat of overburden and underburden 
Thermal conductivity of overburden and underburden 

Density of hydrate reservoir 
Specific heat of hydrate reservoir 

Thermal conductivity of hydrate reservoir 
Viscosity of water 

Latent heat of hydrate 
Solidus temperature 

Liquidus temperature

2675 kg/m3 
837 J/kg. K 

5.573 W/m.K 
914.7 kg/m3 
2260 J/kg.K 

0.394 W/m.K 
0.00167 kg/m.s 

86367 J/kg 
280 K 
282 K

3.2.5 Initial & Boundary Conditions

The initial conditions were specified first. The addition of overburden and 

underburden results in a slight change. We don’t have an insulated boundary condition in 

the axial direction. The inner radius and the outer radius were at 279 K. The top and 

bottom layers were at 279.3 K and 279.8 K. These temperature values were calculated 

from the geothermal gradient and were applied for the top and bottom layers. The inner 

radius wall has three parts. The top and bottom were made up of rock and the middle wall 

is of hydrate. All three walls were given the injection water temperature of 436 K. It was
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that are the rock regions were specified as solid zones since no melting would occur. The 

middle layer that is the hydrate layer was specified as a fluid zone since melting would 

take place.

3.2.6 Solving and Post Processing of the Model

After applying all these boundary conditions the model was initialized and solved 

for steady state. The same convergence criteria, which were used for the preliminary 

model, were used for the improved model also. Then the solver was changed to unsteady 

state. The model was run for varying time periods and the results were stored. It was run 

for a maximum of 40,000 hours. As described in the preliminary model, we can see how 

much radius has been melted for different times of heating. The regions, which include 

the complete liquid fraction, the mushy region, and the region that was in a frozen state, 

can be seen. The results of the improved conduction model are also discussed extensively 

in Chapter 5.
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CHAPTER IV 

POROUS MEDIA FLOW MODEL

4.1.1 Creation of the Model

In both the preliminary and improved conduction models, as the name suggests, 

the heat transfer was by conduction phenomena only. In reality, the hydrate medium is 

porous. In our conduction models, we assumed that there was no porosity in the hydrate 

medium. The model was an axisymmetric cylinder whose height was 30 m, and inner and 

outer radii were 0.15 m and 30.15 m, respectively. In the porous media model, we took 

into account the porous nature of the hydrate medium, but otherwise the model was 

similar to the improved conduction model. The geometry of the porous media flow model 

is same as that of the improved conduction model, except the middle layer of the hydrate 

was specified as a porous medium.

4.1.2 Different Porous Media Flow Models

Two different porous media flow models were created. The geometry and 

meshing were the same for both models. The grid used for the porous flow model and the 

different walls of the model are shown in Figures 4.1 and 4.2, respectively. Except for the 

temperature boundary conditions, all other variables were kept the same in the two 

models. The temperature boundary conditions were changed to check how the melt radius 

of the hydrate medium changes for different temperature boundary conditions. In the first 

model all the walls were given specific temperature boundary conditions. For the second 

model the top and bottom walls of overburden and underburden were specified as 

insulated temperature boundary conditions. The remaining walls of the second model 

were given the same temperature boundary conditions as in the first model. Both the
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models were run until the 30 m hydrate reservoir was melted completely. The results are 

compared and analyzed in Chapter 5.

4.1.3 Basic Working Principle

The following lines explain the basic working principle of the model. Through the 

inner radius of the axisymmetric model hot water is injected. As the hot water flows 

down the injection hole, the heat is transferred from the hot water to the overburden, 

hydrate medium and the underburden. The rock layers that are the overburden and the 

underburden are considered as non porous media. The hydrate layer in the middle is 

considered as a porous medium. This porosity is the main difference between the 

improved conduction model and the porous flow model. As heat is transferred from the 

hot water to the hydrate medium, the hydrate layer starts melting and releases the water 

and gas. The gas is collected through separate gas recovery holes. This is the basic 

working principle of the porous media flow.

In our model the porosity of the hydrate layer was taken as 5%. Realistic porosity 

values of the hydrate reservoir lie between 2% to 6 %. All other parameters, like injection 

water temperature, injection water pressure and permeability of the hydrate reservoir are 

varied. For the base case the injection water pressure, injection water temperature, 

permeability of the hydrate medium and the porosity are specified in Table 4.1. In the 

parametric study these parameters were changed and the melt radius was calculated. The 

other parameters used for the base model run are specified in Table 4.2. According to 

Howe (2004), the permeability of the hydrate medium varies from lOOmd to 300md.

Table 4.1 Fundamental parameters for base case

Parameters Values
Injection pressure of water 
Injection temperature of water 
Porosity of hydrate reservoir 
Permeability of hydrate reservoir

1500 psi (1.03425x10' N/m2) 
436 K 
0.05 
100 mD
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After creating the model and meshing, it was exported to Fluent. The grid used for 

the porous media flow is shown in Figure 4.1. The grid was read and checked. The figure 

also shows the different parts of the model. The model was divided into 400x60 

divisions. It had 24,000 quadrilateral cells and 25,209 nodes. As in the previous 

conduction models it was specified as a 2D, axisymmetric, segregated, first order implicit 

model. Like in our conduction models the following steps were used. First the energy 

equation was turned on. Then the solidification and melting model was turned on. 

Turning on the solidification and melting model automatically turns on the energy 

equation.

4.1.4 Grid Checking and Specifying the Model

W ellbore

Overburden

Hydrate Medium

Underburden

Figure: 4.1 Porous media flow model (24000 elements, 25259 nodes)



41

In the materials panel three different materials were specified. They were hydrate, 

rock (both in the solid state) and water (in the liquid state). In the preliminary conduction 

model we had hydrate properties only. In the improved conduction model we had both 

hydrate and rock properties. In the porous media model we have hydrate, rock and water 

properties. Since water is flowing through the pores of the hydrate medium, by which 

heat was convected into the hydrate medium, it was necessary to specify the water 

properties. The different properties used for this model are specified in Table 4.2

4.1.5 Specifying Material Properties

Table 4.2 Input Parameters used for Porous Media Flow Model

Parameters Values
Density of overburden and underburden 2675 kg/m3

Specific heat of overburden and underburden 837 J/kg. K
Thermal conductivity of overburden and underburden 5.573 W/m.K

Density of hydrate reservoir 914.7 kg/m3
Specific heat of hydrate reservoir 2260 J/kg.K

Thermal conductivity of hydrate reservoir 0.394 W/m.K
Injection pressure of water 1.03425xl07N/m2

Injection temperature of water 436 K
Porosity of hydrate reservoir 0.05

Permeability of hydrate reservoir 100 mD
Viscosity of water 0.00167 kg/m.s

Latent heat of hydrate 86367 J/kg
Solidus temperature 280 K

Liquidus temperature 282 K

4.1.6 Initial and Boundary Conditions

After specifying the material properties, the operating conditions and boundary 

conditions were specified. In the operating condition the pressure was set to 890 psi. This 

is the formation pressure of the hydrate. In our conduction models we specified it as 1 

atm. In the boundary conditions, the pressure and temperature were specified. The inner
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radius top and bottom walls were specified as temperature boundary conditions and the 

middle layer, that is the hydrate layer through which the hot water is going to flow, was 

specified as the pressure boundary condition. The inner radius top (Wl) and bottom (W3) 

layers of the rock were set to a temperature of 436 K. The middle hydrate layer (W2) 

through which hot water was flowing was specified as a pressure inlet. The pressure was 

set to 1500 psi and the temperature to 436 K. The outer radius of the hydrate layer (W5) 

was set to a pressure outlet, with conditions of 890 psi and 279 K.

The outer radius top (W6 ) and bottom (W4) walls were set to a temperature of 

279 K. In the boundary condition panel the top (W7) and bottom (W8) layers were 

specified to be at 279.3 K and 279.8 K.

W 7

W 8

Figure: 4.2 Schematic diagram of porous media model showing different walls
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4.1.7 Specifying Porosity of the Hydrate Medium

In the boundary conditions panel, the porous properties of the hydrate medium 

were specified. The solid medium and the fluid medium were specified. The rock layers 

that are the overburden and underburden were specified as solid medium and the middle 

layer that is the hydrate layer was specified as fluid medium. In the fluid zone the hydrate 

zone was set to a porous medium. In the porous flow panel the fluid that is flowing 

through the porous medium was set to water. The solid part of the porous medium was 

specified as hydrate. The permeability of the hydrate medium was specified as the 

viscous resistance. From Kaviany (1995), one darcy equals 9.87x1 O' 13 m2. For different 

permeability values of the hydrate medium the corresponding values of thermal 

resistance are specified. The inertial resistance was neglected. The porosity of the hydrate 

medium was specified.

4.1.8 Convergence Criteria and Solving the Model

Both the energy and flow equations were turned on. For pressure, Presto was 

used. Second order upwind was used for both flow and momentum. Fluent suggests a 

convergence value of 10 6 for the energy equation. In conduction models a convergence 

criterion of 10~6 was used. For the porous media flow model the convergence criterion for 

the energy equation was set to 10~5. Since we had a convergence problem with 10"6 , it 

was reduced to 10'5. After initialization the model was saved and then solved. Figure 4.3 

shows one of the Fluent input panels.
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Figure: 4.3 Solver input panel in Fluent

4.1.9 Post Processing of the Results

After solving the model, the results were analyzed in the post process panel. Since 

we have fluid flow in this porous media flow we can observe not only temperature 

profiles, but velocity profiles and pressure profiles also, for different times of heating. We 

cannot observe the liquid fraction profile since the properties specified inside the hydrate 

medium were the properties of the water, which was flowing inside. A very extensive 

analysis of the results is done in Chapter 5.
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4.2 TIME STEP STUDY ANALYSIS

As learned from our previous conduction models, it was found that dissociation of 

a base model whose radius is 30 m would take thousands of hours in the real world. In 

numerical analysis we can predict the outcome in very little time compared to the real 

case. But how long can this numerical analysis take? And how do we reduce this 

computational time without sacrificing the accuracy of the results? The above two 

questions open up the need for time step study analysis. By time step we mean that we 

will investigate what happens after a specific time passes, say 10, 20 and 30 minutes. The 

difference between the times is the size of the time step. By taking bigger time steps we 

can reduce the computational time but the results won’t be very accurate. By taking very 

small time steps we can get very accurate results, but it will take a lot of computational 

time. So in order to get the best of both, very accurate results using the largest possible 

time steps, we must do this analysis.

In our case we first ran the model for 1 hour by using a time step size of 1 second. 

After running the model for 1 hour, from 1 hour to 2 hours it was run using three 

different time steps. They were 1 second, 20 seconds and 1 minute. The 20-second time 

step size run and 1-minute time step size run were compared with the 1-second time step 

size run. The 20-second time step size results were the same as the 1-second time step 

size results, but the 1-minute time step size results differed. Hence we concluded that we 

could go to a time step size as big as 20 seconds. From 2 hours to 10 hours three cases 

with three different time steps, 20-seconds, 1-minute and 2-minutes were run. The 1- 

minute and 20-second time step sizes were the same but the 2-minute time step size 

differed. Then from 10 hours to 20 hours we took three cases with time step sizes of 1- 

minute, 2-minutes and 3-minutes. The 2-minute time step size results were the same as 

the 1-minute, but 3-minute time step size results differed. From 20 hours to 30 hours, four 

cases with time step sizes of 2, 3, 4 and 5 minutes were run. The 3-minute time step size 

results were the same as the results of 2- minutes time step size. Likewise until 50 hours,
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for every 10 hours, three different cases with different time step sizes were run and 

compared. Finally we came to the conclusion that a maximum time step size of 15- 

minutes can be used without compromising our results. This 15-minutes time step can be 

used after running the model for 50 hours. Before that, different time step sizes were used 

for different times of heating; these were the largest time step size that could be used 

without sacrificing the results. Thus, by doing the time step study analysis we saved a lot 

of computational time without affecting the results. The results of the time step size 

analysis study are given in Table 4.3.

Table 4.3 Optimum Time Step Study Analysis

Time (Hours) Step Size (Seconds)
1 1

1-2 20
2-10 60
10-20 120
20-30 180
30-40 300
40-50 480
50-100 900

4.3 LONG TERM RUN

In all our models, both the pure conduction and conduction-convection (porous 

media flow) models, we have taken the radius of the axisymmetric cylinder to be 30 m. 

This was done for computational ease and to understand the problem at hand very clearly 

and analyze it very thoroughly. In the real world hydrate reservoirs can extend for many 

miles. To get more realistic world results we performed this long term run. For the pure 

conduction models, we ran for 40,000 hours. Therefore, we repeated the porous media 

flow model for 40,000 hours. We call this a long term run, for which both the diameter of 

the model and the heating period should be very large. Since we do not know the extent 

of dissociation for a long term run, we assume a 1000 m domain.
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4.3.1 Creation of the Model

The long term model’s inner radius was 0.15 m and the outer radius was 500.15 

m. The height was taken, as 15 m. Creating and meshing this big model in Gambit is 

difficult and might cause unwanted problems. But we can create and solve as big model 

as we wish using Gambit and Fluent together. Using the scaling technique we created this 

large model. First in Gambit a 2D axisymmetric model was created whose inner and 

outer radii were 0.015 and 50.015 m. The total height was 30 m, within which the top and 

bottom layers of rock were 7.5 m, each, and the hydrate layer in the middle was 15 m. 

After creating and meshing the model it was exported to Fluent. The model had 30,000 

elements and 31,559 nodes. In Fluent a scaling ratio of 10 was used. By this scaling the 

model’s inner and outer radii became 0.15 m and 500.15 m, respectively.

4.3.2 Grid Checking and Specifying the Model

After the model was exported to Fluent it was read and checked. Then, as we have 

done in the previous models, it was specified as 2D, axisymmetric, segregated and 

implicit method. In the implicit method, first order implicit was selected. Then the energy 

model, the solidification and melting models were selected.

4.3.3 Solving and Post Processing

As we have done in the previous models, before solving this long term model we 

have to specify the different materials properties through the material panel. Then the 

pressure and boundary conditions were applied. They were same as in the porous media 

flow model. The convergence criteria were set same as in the porous media model. Then 

the model was initialized and solved. In the post processing section the results were 

discussed. A wide range of analysis was done on the results of this long term model in 

Chapter 5.
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CHAPTER -  V 

RESULTS & DISCUSSIONS

In this section we discuss the various results obtained from Fluent for (i) the 

preliminary conduction model, (ii) the improved conduction model, (iii) the porous flow 

model and (iv) the long term model. First we discuss the conduction models, second the 

porous flow model and finally the long term model. A study was also carried out by 

changing different parameters. Their impact on the melt radius and on the volume of gas 

production were analyzed and presented.

5.1 PRELIMINARY CONDUCTION MODEL

Figures 5.1 and 5.2 show the steady state temperature profile and liquid fraction 

for the preliminary model, respectively. From these figures we can see that 75% of the 30 

m radius hydrate reservoir was melted. Since we assumed no overburden and 

underburden, all the supplied heat was used for melting the hydrates only. Figures 5.3 

and 5.4 show the temperature profile and liquid fraction after 1000 hours of heating. 

Different colors represent different temperatures and different liquid fractions in these 

figures. In this thesis the temperature, pressure and velocity profile values are reported in 

K, Pa and m/s, respectively. The temperature and liquid fraction graphs was drawn at 

mid-hydrate level of 15 m.

In the temperature profile at the inner wall where the temperature was very high, 

it is denoted by blue color. Next to the blue region there is a red color region where the 

temperature is gradually decreasing. The yellow region is where the temperature is low, 

still at the initial condition and in the frozen state. As we move from the inner radius to 

the outer radius the temperature decreases. In the liquid fraction profiles the light blue 

color region is the region that was melted completely, representing the liquid fraction
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P  - 1. The region with different colors is the one that is called the mushy zone. The

mushy zone is the region where both solid and liquid phases of hydrate exist. The yellow 

color region is in the frozen state. As the heating time progresses the melt radius 

increases. But after a certain time of heating the melt radius progression is slower, as the 

heat is distributed over a larger surface area. Since the hydrate medium was considered as 

a non-porous medium, as the injected hot water melts the hydrate the inner radius 

becomes larger and larger.

Figures 5.5 and 5.6 show the temperature profile and liquid fraction graphs after

40.000 hours of heating, respectively. After 40,000 hours of heating the melting had 

progressed up to 10 m radius only. This was because we consider only heat conduction 

and not convection. Once the convection phenomenon was included we were able to see 

an enormous difference very clearly.

Figures 5.7 and 5.8 show graphs of a radial temperature profile and the liquid 

fraction, respectively, after 40,000 hours of heating for the preliminary conduction model 

at the mid-hydrate depth level. From the melt radius the volume melted and the amount 

of gas that were released after certain time of heating can be calculated. The formulae 

used by Das & Srivastava (1993), which are given in Section 2.2.4, were used to 

calculate the volume of gas produced from the melt radius. As the time progresses the 

volume of gas produced increases, since the dissociated hydrate radius increases. The 

amount of gas produced was very low since the radius melted was very low. This is 

because only heat transfer by conduction was considered.

In the pure conduction model the hydrate medium was considered to be non- 

porous and no pressure conditions were applied. The heat transfer from the injected hot 

water to the hydrate reservoir was through conduction phenomena only. Since the heat 

was transferred by conduction to melt 10 m of the 30 m radius, it required more than

40.000 hours of heating. We extrapolated and concluded that to melt the 30 m radius



50

completely, it would take more than 100,000 hours. In reality this long time is not 

acceptable and the energy spent to recover the gases would be much greater than the 

energy available from the gases. Therefore, this case was run to understand the basic 

phenomena of melting of hydrate medium, rather than as an accurate simulation. Once 

the porous media flow is included in the model we can see a significant amount of 

difference in the melt radius and in the volume of gas produced.

Figure: 5.1 Steady state temperature (K) profile for preliminary conduction model
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Figure: 5.3 Temperature (K) profile after 1000 hours for preliminary conduction model
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Figure: 5.5 Temperature (K) profile after 40000 hours for preliminary conduction
model
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Radial Coordinate (m )

Figure: 5.7 Temperature (K) graph after 40000 hours for preliminary conduction model
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Fraction

Radial Coordinate (m )

Figure: 5.8 Liquid fraction graph after 40000 hours for preliminary conduction model

5.2 IMPROVED CONDUCTION MODEL

For the improved conduction model, which has overburden and underburden 

included, the steady state result showed that nearly 65% of the 30 m radius hydrate 

reservoir was melted completely. Addition of the overburden and underburden reduced 

the melt radius, since the rock regions absorbed some of the supplied heat. This can be 

found from Figures 5.9 and 5.10, which show the steady state temperature profile and 

liquid fraction respectively.

Figures 5.11 and 5.12 show the temperature profile and liquid fraction after 1000 

hours of heating. As in the preliminary model for the temperature profile, the different 

colors at various regions of the reservoir show the different temperatures. Since the 

thermal diffusivity of the rock ( a-  2.489xl0~6m2 's higher than that of the hydrate

= 1.905xl0-7m2 Is) we can see larger heat penetration regions in the rock layers. For
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the liquid fraction, the same observation holds as in the preliminary model. Figures 5.13 

and 5.14 show the temperature profile and liquid fraction after 40,000 hours of heating. 

By comparing the liquid fractions of the preliminary and improved conduction models, 

we can see that the melt radius in the improved conduction model was lower than that of 

the preliminary model. This was due to the overburden and underburden, which absorbed 

part of the supplied heat. Hence the melt radius in the improved model was lower than in 

the preliminary conduction model.

Figure 5.15 shows the graph for the radial temperature profile at mid-hydrate 

level after 40,000 hours of heating. Figure 5.16 shows the liquid fraction after the same 

heating time. From these graphs we can also see that the melt radius of the improved 

model was lower than that of the preliminary model. From Figure 5.16 it is observed that 

a 7.2 m radius was melted in 40,000 hours of heating. In the preliminary conduction 

model for the same time period the melted radius was 10 m. Both the conduction models 

predict a long time to melt a 30 m radius; hence, many injection holes are required. The 

model predicts the radius of melting for various heating times. From the melt radius, the 

volume of gas released can be calculated.
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Radial Coordinate (m )

Figure: 5.15 Temperature (K) graph after 40,000 hours for improved conduction model

Liquid 
Fraction

Figure: 5.16 Liquid fraction graph after 40,000 hours for improved conduction model



60

5.3 POROUS FLOW MODEL

There were two different models in the porous media flow cases. The two models 

differ in their temperature boundary conditions. Both cases are discussed in this section. 

The first case, which has specific temperature boundary conditions applied on all the 

walls, was taken in both the parametric study analysis and long term model. In both the 

conduction models it was not possible to melt the hydrate completely, as it would have 

taken a very long time, a few years. In the porous model complete melting of the hydrate 

reservoir was achieved because of the convection phenomenon.

5.3.1 Case (a)

In case (a), the porous flow model, temperature boundary conditions were applied 

to all the walls (W1-W8). The boundary conditions for both the cases were discussed in 

Chapter 4. The water injection temperature, pressure and permeability of the reservoir 

were 436 K, 10342.5 kPa (1500 psi) and lOOmd for both the cases. For the first case to 

melt the 30 m radius hydrate reservoir took 2100 hours of heating. That is 87.5 days, 

close to 3 months.

Figures 5.17, 5.18 and 5.19 show the steady state temperature profile, velocity 

profile and pressure profile for the porous flow model. From the temperature profile we 

can see that the hydrate reservoir was melted completely. In the conduction models, even 

in the steady state condition, we were not able to achieve complete melting of the 

reservoir. Figures 5.20, 5.21 and 5.22 show the unsteady state temperature profile, 

velocity profile and pressure profile after 2100 hours of heating. After 2100 hours of 

heating it was melted completely. We can see this from Figure 5.20. Figure 5.23 shows 

the temperature profile graph after 2100 hours of heating. This shows that the outer 

surface was at 300 K, which is well above the liquidus temperature (282 K) of the 

hydrate reservoir.
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Figure 5.24 shows the pressure graph after 2100 hours of heating. From the graph 

we can see that at the inlet the pressure was 10342.5 kPa (1500 psi) and at the outlet 

6136.55 kPa (890 psi). This was actually the imposed pressure boundary condition, and it 

was achieved. The smooth curve shows the pressure decrease as the radius increases. 

Figure 5.25 shows the velocity profile after 2100 hours of heating. From the graph it is 

observed that at the inlet the velocity was 0.45 mm/s and at the outlet it was 0.005 mm/s, 

which is just above zero. As the pressure decreases from the inner radius to the outer 

radius the velocity also decreases. This velocity causes an increase in melting time. As 

the pressure on the boundaries remained constant over time and permeability is also 

constant over time, it was observed that the velocity and pressure graphs did not change 

with time. This observation is a correct trend. Figures 5.26, 5.27 and 5.28 show the 

temperature profiles after 100, 1000 and 1500 hours respectively. They show the progress 

of the melt radius as time increases.

5.3.2 Case (b)

In case (b) the top and bottom surfaces of the overburden and underburden, 

respectively, were applied as insulated boundary conditions. This allows the heat to flow 

in the radial direction only, which is similar to the preliminary conduction model. Figure 

5.29 shows the steady state temperature profile for case (b). Figure 5.29 shows that the 

overburden and underburden layers in case (b) were warmer than in case (a). This is 

because in case (b) heat was not allowed to escape from the upper and lower boundaries 

because of the insulated boundary conditions.

Figure 5.30 shows the temperature profile for case (b) after 1970 hours of heating. 

Figure 5.30 indicates that the 30 m radius hydrate reservoir was melted completely 1970 

in hours. For case (a) it required 2100 hours to melt the same 30 m radius hydrate 

reservoir. This is because some amount of the supplied heat was allowed to escape 

through walls 7 and 8 in case (a). Hence case (a) required more heating time than case (b)
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to melt the same reservoir. Figure 5.31 shows the temperature graph at mid-hydrate level 

for case (b). Figure 5.31 illustrates that at 30 m the temperature of the hydrate reservoir is 

close to 290 K, which is above the liquidus temperature of the hydrate.

The change in the temperature boundary conditions in the porous media model 

doesn’t affect the melt radius very much. As expected case (b) showed a greater melt 

radius than case (a) for the same heating time. Since the difference in the melt radius is 

very small between the two cases, case (a) was selected for the parametric study analysis 

and for the long term model. Since the pressure and velocity profiles of case (b) are same 

for as case (a), they are not shown separately.

Figure 5.32 shows the comparison between different models for a short period of 

heating time. It includes three conduction models and one porous flow model, which 

incorporates both conduction and convection phenomena. All the conduction models 

match closely with each other. After 50 hours of heating our conduction model melted a

0.46 m radius. The finite difference and finite element models melted a 0.39 m and a 0.5, 

m radius respectively. In the porous flow model for the same heating time, a 4.2 m radius 

was melted. This shows the importance of the convection phenomenon.
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Figure: 5.18 Steady state velocity (m/s) profile for the base case (a)
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Figure: 5.19 Steady state pressure (Pa) profile for the base case (a)
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Figure: 5.20 Transient temperature (K) profile after 2100 hours for the base case
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Figure: 5.21 Transient velocity (m/s) profile after 2100 hours for the base case (a)
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Figure: 5.22 Transient pressure (Pa) profile after 2100 hours for the base case (a)



66

Radial Coordinate (m )

Figure: 5.24 Transient pressure (Pa) graph after 2100 hours for the base case (a)
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Radial Coordinate (m )

Figure: 5.25 Transient velocity (m/s) graph after 2100 hours for the base case (a)

Figure: 5.26 Transient temperature (K) profile after 100 hours for the base case (a)



Figure: 5.28 Transient temperature (K) profile after 1500 hours for the base case (a)
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Figure: 5.30 Transient temperature (K) profile after 1970 hours for the base case (b)
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Figure: 5.31 Transient temperature (K) graph after 1970 hours for the base case (b)
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5.4 LONG TERM MODEL

To simulate a more real world scenario, a long term run was conducted. In this 

case a 1 km hydrate reservoir region was considered. The inner radius and outer radius of 

this reservoir were 0.15 and 500.15 m. The height of the model was maintained, at 30 m. 

For this run the injection water temperature, pressure and the permeability of the hydrate 

medium were taken as 590 K, 10342.5 kPa (1500 psi) and 300 md respectively. Water 

can be kept in the liquid state up to 590 K at 1500 psi. Hence injection water temperature 

was taken as 590 K. According to Howe (2004), permeability of the hydrate medium 

varies from 100 md to 300 md. For the long term model the high value of 300 md was 

used. Since this was a large model we took larger values for the parameters, except the 

water injection pressure, which was kept lower to minimize excessive fracturing of the 

reservoir. Figures 5.33 and 5.34 show the steady state pressure and temperature profiles. 

Figures 5.35 and 5.36 show the temperature profile after 10,000 and 40,000 hours, 

respectively.

Figure 5.37 shows the temperature graph after 10,000 hours of heating. From the 

graph we know that a 85.5 m radius was melted. Figure 5.38 shows the temperature graph 

after 40,000 hours of heating. Nearly 170 m of radius was melted. For 20,000 and 30,000 

hours of heating the melt radius was 121 and 151 m, respectively. As discussed in 

Chapter 2 we can calculate the amount of gas released for each melt radius. One way to 

increase the amount of gas production is by having multiple holes in a reservoir at 

distances designed from a melt radius calculation. These distances should be such that the 

melting zones of the different holes just overlap one other. To run the long term 

simulation, one week of computational time was required. After reaching the maximum 

time step of 15 minutes, the case was run for every 1000 hours and results were stored. In 

this way the case was run for 40,000 hours.
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Figure 5.33 Steady state pressure (Pa) profile of long term run
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Figure 5.35 Temperature (K) profile after 10,000 hours for long term run enlarged upto 

90 m
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Figure 5.36 Temperature (K) profile after 40000 hours for long term run enlarged upto 

175 m
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Figure 5.37 Temperature (K) graph after 10,000 hours for long term run
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Figure 5.38 Temperature (K) graph after 40,000 hours for long term run

5.5 PARAMETRIC STUDY

Since there are a number of variables present in our model, it was important to 

undertake a parametric study at this stage. By changing the parameters like injection 

water pressure, injection water temperature and permeability of the reservoir, we can see 

how much time it will take to melt the 30 m reservoir completely. These analyses are 

discussed broadly in this section. Some of the parameters have been varied to see the 

variation in the melt radius and also in the amount of gas production.

The variables are:

1. Water Injection Pressure

2. Water Injection Temperature

3. Permeability of the Porous Media

4. Volume of Hydrate in the Hydrate Matrix
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The formation pressure of the hydrate medium is 890 psi (6136.55 kPa) based 

upon the hydrostatic pressure formula. Hence the water injection pressure must be greater 

than this formation pressure. In our case pressure has been varied from 1000 psi (6895 

kPa) to 2000 psi (13790 kPa). Five different injection pressure values have been used. 

They are 1000 psi, 1250 psi (8618.75 kPa), 1500 psi (10342.5 kPa), 1750 psi (12066.25 

kPa) and 2000 psi. All other parameters such as water injection temperature, hydrate 

thickness, permeability of the hydrate medium and porosity of the hydrate zone, etc., are 

kept the same. For an injection pressure of 1000 psi it required 14000 hours to melt the 

30 m radius completely. For 2000 psi it took only 650 hours to melt the 30 m radius 

completely. As the water injection pressure was increased the time to melt the 30 m 

radius decreased. A comparison between the melt radius and time with change in 

injection pressure values is shown in Figure 5.39. Temperature profiles based on different 

water injection pressures after 1000 hours of heating are also shown in Figures 5.40, 5.41, 

5.42, 5.43 and 5.44 for 1000, 1250 1500, 1750 and 2000 psi, respectively.

From these figures we can see that the melt radius increases as the water injection 

pressure increases. Increasing the injection pressure from 1000 psi to 2000 psi, the time 

to dissociate a 30 m radius was reduced by almost 90% of the original time, from 14500 

hours to 1200 hours. Hence, we conclude that water injection pressure plays a very 

important role in the melt radius progression. But we have to be careful when using very 

high pressure, since it can give rise to fracturing problems. Fracturing means the 

breakdown of the hydrate medium due to high water injection pressure. Some amount of 

fracturing is desirable, as it improves injectivity. But uncontrolled fracturing may release 

too much gas too fast, resulting in a blowout condition, and can also cause problems in 

the hydrate dissociation process.

5.5.1 Pressure Variation
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With high injection pressure and high injection temperature it will take less time 

to melt the 30 m completely. Maintaining the high pressure has its own difficulties and 

high injection temperature also needs more energy. This will play a significant part in the 

energy ratio calculation.

35

TIME (103Hours)

P  —♦— 1000psi (6895KPa) 
—• — 1200psi (8274KPa) 
— 1500psi (10342KPa) 
— 1750psi (12066KPa) 
— 2000psi (13790KPa)

Figure: 5.39 Melt radius progression with change in pressure

Figure: 5.40 Temperature (K) profile after 1000 hours for an injection pressure of 1000 

psi
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Figure: 5.41 Temperature profile (K) after 1000 hours for an injection pressure of 1250
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Figure: 5.42 Temperature profile (K) after 1000 hours for an injection pressure of 1500 

psi
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Figure: 5.43 Temperature (K) profile after 1000 hours for an injection pressure of 1750 

psi
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Figure: 5.44 Temperature (K) profile after 1000 hours for an injection pressure of 2000 

psi
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The injection water temperature was varied from 396 K to 456 K. Four different 

values of temperature; 396 K, 416 K, 436 K and 456 K, were used. It was expected that 

as the injection water temperature increased, the time to melt the 30 m radius would 

decrease. As in the case of pressure variation, no other parameter like permeability, 

porosity and pressure was varied, except the injection water temperature.

5.5.2 Temperature Variation

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

TIM E(102Hours)

Figure: 5.45 Melt radius progression with change in temperature

A graph comparing the time taken to melt the 30 m hydrate reservoir completely 

for different water injection temperatures is shown in Figure 5.45. For an injection water 

temperature of 396 K it required 2400 hours (100 days) to melt the 30 m radius of the 

hydrate reservoir completely. For 456 K it required 2050 hours to melt the 30 m radius 

completely, nearly 85 days. For 436 K 2100 hours was required. For a temperature 

difference of 20 K the time difference was 50 hours. For an injection pressure of 2000 psi 

one can go up to a water injection temperature of 590 K while still maintaining the water 

in the liquid state at this pressure. This value is from the thermodynamic table of water. 

From this temperature variation study, one can conclude that higher temperature
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accelerates melting, but its effect is not as strong as that of pressure. The pressure 

variation impact on melt radius was far greater than that of the temperature variation.

Increasing the water injection pressure from (1000 psi to 2000 psi) reduced the 

melt time 90%. But a 15% increase in temperature gave only 15% reduction in time. 

Figures 5.46 and 5.47 show the temperature profiles after 1000 hours of heating for a 

water injection temperature of 396 K and 456 K, respectively. Figure 5.48 shows the 

temperature graph at mid-hydrate level for an injection temperature of 456 K, after 1000 

hours of heating.

To get the high water injection temperature one has to invest more energy. This 

will vary the energy efficiency ratio. So one has to be careful about the water injection 

temperature to get the best energy efficiency ratio. Since the reservoir is at 650 m below 

the earth’s surface the water will lose some amount of heat. This will reduce the water 

temperature by the time it reaches the hydrate zone. This heat loss was not included in the 

energy efficiency ratio calculation. Inclusion of this heat loss decreases the heat input to 

hydrate, and thus increases the time to melt the 30 m radius.



Figure: 5.46 Temperature (K) profile after 1000 hours for an injection temperature of 396 

K

Figure: 5.47 Temperature (K) profile after 1000 hours for an injection temperature of 456

K
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Radial Coordinate (m )

Figure: 5.48 Temperature (K) graph after 1000 hours for an injection temperature of

456 K

5.5.3 Permeability Variation

The permeability of the hydrate medium was also varied for different values to 

study the melt radius progression. The permeability of the hydrate medium is reported to 

be between 100 md and 300 md by Howe (2004). From Kaviany (1995) for oil sands the 

permeability can go up to 1500 md. Based on Kavianny’s data the high value of 1000 md 

was taken, though it is unlikely for a hydrate medium to have that high permeability. 

Therefore, in this parametric study the permeability was varied between 100 md to 500 

md. A couple of runs using 1000 md and 1500 md were also conducted.

From this permeability value the viscous resistance value was calculated and 

input was made in Fluent. As in previous variations, only permeability was varied and all 

other parameters were kept unchanged.
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Figure: 5.49 Melt radius progression with change in permeability

A graph comparing the time taken to melt the 30 m radius for different 

permeability values is presented in Figure 5.49. For 100 md it required 2100 hours to 

melt the 30 m radius. For 300 md it took 650 hours to melt the 30 m radius completely. 

Tripling the permeability value (from 100 md to 300 md) reduced the melting time to 

l/3rd of the original time. Permeability plays the biggest role in melt radius progression 

among pressure, temperature, permeability and porosity. Figures 5.50 to 5.55 show the 

temperature profiles for six different permeability values of 100 md, 200 md, 300 md, 

400 md, 500 md and 1000 md. For high water injection pressure and temperature the 

melting time will be reduced to a great extent. Unlike temperature and pressure we can’t 

change the permeability value of a reservoir. Whatever the Mother Nature gives we have 

to accept it and use it in the best possible way. If we use the right water injection pressure 

and temperature value for a given permeability, we can get better efficiency.
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Figure: 5.50 Temperature (K) profile after 200 hours for a permeability of 100 md
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Figure: 5.51 Temperature (K) profile after 200 hours for a permeability of 200 md
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Figure: 5.52 Temperature (K) profile after 200 hours for a permeability of 300 md
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Figure: 5.53 Temperature (K) profile after 200 hours for a permeability of 400 md
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Figure: 5.54 Temperature (K) profile after 200 hours for a permeability of 500 md
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Figure: 5.55 Temperature (K) profile after 200 hours for a permeability of 1000 md
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5.5.4 Hydrate Volume Variation in a Porous Matrix

Like varying water injection temperature, water injection pressure, permeability 

of the hydrate medium, and the volume percentage of hydrate contained in the reservoir 

were also varied. Using the data from authors Collett and Patil (2002) and Howe (2004), 

the volume percentage of hydrate was varied from 10% to 40% and the amount of gas 

produced was calculated. If the volume content of the hydrate is higher, the amount of 

gas produced will be higher. In all these cases the porosity within the hydrate medium 

was taken as 5%, which maintains the water flow. According to Patil (2004) the porosity 

value of the hydrate reservoir lies between 2% and 6 %. Like permeability the volume 

percentage of hydrate content is also an independent parameter, which cannot be 

controlled by us. Figure 5.56 shows the amount of gas production for different volume 

percentages of hydrate content within the rock matrix. Gas production was calculated 

from melt radius following the equations summarized in section 2.2.4. As the hydrate 

content increases the volume of gas produced also increases.

Figure: 5.56 Volume of gas production with respect to volume of hydrate



90

All the above mentioned four parameters have a positive impact on the amount of 

gas production. The higher the values of these parameters, the greater the volume of gas 

produced. Of the four parameters, we directly control water pressure and injection water 

temperature. But permeability and volume of hydrate content are out of our control. 

Whatever the permeability and volume of hydrate content are, we have to vary the 

injection water pressure and injection water temperature in the best manner to produce 

the maximum amount of gas. Of these two parameters, injection water pressure plays a 

larger role than the injection water temperature. Since the hydrate medium is a porous 

medium, as the pressure increases the velocity of the water flow increases, which 

increases the heat transfer and releases the gas at a faster rate. In places where fracturing 

of the hydrate medium is not acceptable, one can increase the injection water temperature 

rather than increasing the injection water pressure. This will avoid unnecessary breakage 

of the hydrate medium and produces the maximum amount of gas. Severe fracturing may 

lead to a gas blowout problem.

5.6 LATENT HEAT IMPACT

Stefan number is the ratio of the sensible heat to latent heat of the material multiplied by 

the temperature difference. The Stefan number for the hydrate medium was calculated by 

the following formula.

where

c -  specific heat capacity 

AT- temperature difference 

L -  latent heat

n cAT 2260x (436-290)
S —------ = ---------------------------- =  j .o Z

L 86367
This value shows that a large portion of the supplied heat has been used in heating the 

hydrate medium. This value suggests overheating of the hydrate medium. From the
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parametric study analysis it is observed that a temperature drop of 60 K, from 456 K to 

396 K, increased the melting time by 350 hours. As the injected water temperature 

decreases, the melting time increases, which in turn increases the operational costs and 

other costs associated with the thermal recovery process. Hence the temperature values 

(394 K-477 K) suggested by Kamath and Godbole (1987) were used in this model.

5.7 ENERGY EFFICIENCY RATIO

The Energy efficiency ratio was defined in Chapter 1 as the ratio of the energy 

content of the released gas to the energy input supplied by the hot water to release the 

gases. Thermal energy is supplied by the hot water and thermal energy is recovered from 

the gas from dissociated hydrate. Only if we get more energy than we put in can we say 

this model is feasible and applicable to the real world. Hence, to find out the efficiency of 

our model this calculation was done. This energy efficiency calculation was done for the 

base case of the porous media flow, whose water injection temperature, pressure, 

permeability and porosity are 436 K, 1500 psi, 100 md and 5%. The volume of hydrate 

was taken as 40%.

In the base case the amount of gas produced between 2000 hours and 2100 hours 

was calculated. This was done from the melt radius after 2000 hours and after 2100 

hours. From the amount of gas produced, the amount of energy available was calculated. 

To melt this much radius and produce this much amount of gas some amount of heat has 

to be supplied. The amount of heat supplied was available in Fluent. They were tabulated 

for all our models separately in the Appendix. Using these values the energy efficiency 

ratio for the porous media base case was calculated.

From the reporting panel of Fluent the heat supplied at different times can be 

found. These values were tabulated in the Appendix for the preliminary conduction 

model, improved conduction model and porous media base model. From Table A3 in
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Appendix total instantaneous heat inflow across the boundaries (W1+W2+W3) of the

model are 2280017 at 2000 hours and 2278451 at 2100 hours.

„  . , , 2280017+2278451 _ 00^ /1wHeat input by hot water = -------- --------- --------- — 2279234 Vv

This is the average value of the instantaneous amount of heat supplied at 2000 and 

2100 hours. The amount of heat available from the gas was calculated by the following 

procedure.

The amount of gas released between 2000 and 2100 hours is calculated following Das 

and Srivastava (1993).

VH = 7 t ( ( f ) - y ) H H[ r ( t  +  t e ) - r 2{t)\ t5-1)

The melt radii from Fluent computations are 29.5 m at 2000 hours and 30 m at 2100 

hours.

15[302 -2 9 .5 2] = 490.67m3(40-5̂
VH = K\ -------

 ̂ 100

164 (5.2)
n „ = -------

gH 22.41 “

n „ = x 490.67 x 0.9 = 3231.77gH 22.41

=  W ,  ( 5 -3 )

Z  RTg m

7 .3 3 x l0 3 x 4 9 0 .6 7 x 0 .2
n =  = 215.69

0.9 2x8 .314 x4 36

K » - 'v J x 2 2 .4 1  (5.4)
At

= (3231-77 215-6̂ ) x 22.41 = 0.1S1SCM / 5
q% 100x3600

From the Energy and Environment book by Ristien (1999) we find that 1 cubic foot of 

natural gas has 1.09xl06 J of energy. Therefore 0.187 SCM, which is equal to 6.603 cubic 

feet, has 7197270 J of energy.
Energy available from gas

Energy Efficiency Ratio =  —— -—-— ----------------;—~— ;— ;
Energy invested the hydrate reservoir by the hot water
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= 7197270/2279234 = 3.15 

This energy efficiency ratio was for the base case (a). Calculating in the same way for 

case (b), which has insulated boundary conditions around the overburden and 

underburden, the energy efficiency ratio was 3.16. There is no significant difference in 

the energy efficiency ratio between case (a) and case (b). Suppose the hydrate medium 

has a higher permeability, say 300 md. This will reduce the melting time and one will get 

a higher energy efficiency ratio than the base case. On the other hand, this calculation 

does not include wellbore heat loss, which will reduce the Energy Efficiency Ratio. Our 

recommendation is to use 3.54 cm of insulation, or even more, to minimize wellbore heat 

loss.

5.8 HAZARDS IN HYDRATE DISSOCIATION

Gas hydrates present significant problems to the drilling and production methods 

in both oceanic sediments and arctic environments. In this section the hazards related to 

the arctic regions are discussed briefly. According to Collett and Patil (2002) the hazards 

associated with hydrate dissociation can be classified, mainly, into two types. They are: 

(i) Uncontrolled gas releases (ii) Gas leakage to the surface.

5.8.1 Uncontrolled Gas Release

A large amount of gas can enter into the well bore when gas hydrates are 

disturbed mechanically or thermally. The main parameters, which control this 

uncontrolled gas release are: (i) the volume of released gas (ii) circulation and penetration 

rate of gas (iii) temperature and weight of the drilling mud. Tables 5.1 and 5.2 show the 

amount of gas and water released in terms of volume and mass respectively. This is 

calculated for a hydrate reservoir that has a permeability value of 100 md and hydrate 

volume percentage of 40%. The injection water pressure and temperature are 10342.5 

kPa (1500) psi and 436 K, respectively. This is for case (a) of the porous media flow
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model, which required 2100 hours of heating to melt the 30 m radius hydrate reservoir. 

Water densities at 495.5 K (222.5 °C) and 293 K (25 °C) are used for injected water and 

released water calculations, respectively. According to Kamath and Godbole (1987) one 

unit of gas releases 0.8 unit of water on volume basis. Based on this the amount of water 

was calculated.

Table 5.1 Volume of water and gas produced for porous media flow case (a)

Volume in cubic meters after different heating times in hours
1 10 100 500 1000 1500 2100

Injected Water 
Released Water 
Total Water 
Released Gas

24.88 
436
460.88 
544.97

248.88
4108
4356.8
5135.6

2488.88
53117
55605
66396.8

12444.44
295690.8
308135.2
369613.5

24888.8
571904
596793
714881

37333.33
836666.4
873999.7
1045833

52266.66
1167152
1219419
1458941

It is observed from Table 5.1 that almost equal amounts of water and gas are 

produced on volume basis. But on the basis of mass, the amount of water produced is 

1600 times greater than the amount of gas produced. This large volume of gas and water 

can create significant problems. Further, the circulation and penetration rate of gas will 

be affected by the production of such large amounts of gas. The overheating of the well 

bore may cause the mud temperature to increase, which allows more penetration for the 

released gas through the mud. Proper control measures can avoid the uncontrolled release 

of the gas. The uncontrolled gas release may cause blowout problems.

5.8.2 Gas Leakage

After drilling a hydrate reservoir to certain depths, the shallow permafrost regions 

are usually cased. Drilling to greater depths may disturb the hydrates thermally beyond 

the casing. This causes the gas to leak to the surface outside the surface casing. Since a 

large amount water is produced with the gas, the produced gas will eventually increase 

the penetration rate, if the gases are not recovered in time by proper methods. The 

melting of the permafrost around the well bore also enhances the gas leakage to the 

surface.
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Table 5.2 Mass of water and gas produced for porous media flow case (a)

Mass in tons after different time in hours
1 10 100 500 1000 1500 2100

Injected Water 
Released Water 
Total Water 
Released Gas

20.16
435.1
455.26
0.389

201.6
4099.78
4301.38
3.66

2016
53010.7
55026.7 
47.4

10080
295099
305179
263.86

20160
570760
590920
510.35

30240
834993
865233
746.62

42336
1164817
1207153
1041.53
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CHAPTER - VI 

CONCLUSIONS & FUTURE WORK

Inclusion of the convection phenomena by porous media flow modeling made a 

large difference. In the improved conduction model, after 40,000 hours of heating, only a

7.5 m radius of hydrate reservoir was dissociated. In the porous media model the 30 m 

radius was dissociated in 2100 hours. This was achieved for the base case, when water 

injection pressure, water injection temperature, permeability of the hydrate medium and 

porosity of the hydrate medium were 10342.5 kPa (1500 psi), 436 K, 100 md and 5%, 

respectively. The improved conduction model would have taken more than 100,000 hours 

to melt the same 30 m radius. The present model’s conduction results match well with the 

previous researcher’s finite difference and finite element models.

From the parametric studies it can be concluded that pressure is the most 

important parameter affecting the melt radius; as the water injection pressure increases 

the heating time reduces greatly. For an injection pressure of 6895 kPa (1000 psi), 14,500 

hours of heating were required to melt 30 m radius. For 13790 kPa (2000 psi) only 1250 

hours were needed. An increase of 6895 kPa (1000 psi) reduced the melting time by 

13,250 hours. This is almost a 90 % reduction in the heating time. This was because of 

the increase in fluid velocity and hence the fluid mass flow rate, which increases as the 

pressure increases. As the fluid flows faster into the hydrate medium, reaching the outer 

radius more quickly, the hydrate medium takes less time to melt.

Permeability of the hydrate medium is the next most important parameter after the 

water injection pressure. For a permeability value 100 md, 2100 hours of heating was 

required to melt the 30 m radius hydrate reservoir. For 300 md it reduced to 650 hours.

6.1 CONCLUSIONS
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An increase in permeability of 200 md reduced the melting time by 1450 hours. This is 

because of the increase in fluid velocity and subsequent increase in mass flow rate. As the 

permeability increases, the viscous resistance of the hydrate medium to the fluid flow 

decreases. This, in turn, increases the fluid velocity thus reducing the melting time.

Temperature of the injected water also plays a significant role. The temperature 

was varied from 396 K to 456 K. For an injection water temperature of 396 K, 2400 

hours of heating were required to melt a 30 m radius. For 456 K 2050 hours were needed. 

An increase of 60 K in temperature reduced the melting time by 350 hours. When 

compared to injection water pressure and permeability of the hydrate medium, this 

reduction in time was not substantial. Flence injected water temperature also has 

significance, but not as much as pressure or permeability.

Volume percentage of the hydrate content in the hydrate and rock matrix was 

varied from 10 % to 40 %. Naturally for higher hydrate volumes greater amounts of gas 

were released. For 10 % of hydrate in the reservoir matrix, the amount of gas released 

was 294,750 standard m3. For 40 % it was 2,063,250 standard m3. This was calculated for 

the hydrate medium whose permeability value and injection water pressure were 300 md 

and 10342.5 kPa (1500 psi), respectively, which dissociated the 30 m radius hydrate 

reservoir in 650 hours of heating.

An approximate calculation for the heat loss to the adjoining soil from the top of 

the wellbore to the top of the overburden was included. It showed a heat loss of 87492 W 

by the LMTD method.

An energy efficiency ratio of 3.15 is observed from this thermal modeling study.

Insulated boundary conditions around the overburden and underburden resulted in 

1970 hours of heating to dissociate the 30 m radius hydrate reservoir. Temperature
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prescribed boundary conditions predicted 2100 hours of heating to dissociate the same 30 

m radius hydrate reservoir.

6.2 SUGGESTIONS FOR FUTURE WORK

1. The model was considered to be an axisymmetric cylinder and it was solved for 

appropriate temperature boundary conditions. To be more realistic other types of 

models should be considered since hydrate reservoirs occur in different shapes.

2. The most comprehensive analysis will be a three dimensional analysis of hydrate 

reservoirs to understand the hydrate dissociation phenomena completely.

3. In this model hydrate dissociation was analyzed by thermal stimulation. One more 

popular method is depressurization. Combining these two methods, and applying 

them alternatively for a hydrate reservoir, would be a very interesting and most 

demanding work.

4. The material properties are considered constant in this model. Using temperature 

dependent material properties would be closer to real world work.

5. The hydrate dissociation is an endothermic reaction (Collett and Patil, 2002). 

Therefore there is cooling due to the Joule-Thompson effect as hydrate 

dissociates. This has not been included in our modeling. One way to incorporate 

this effect is by the addition of an endothermic term to the latent heat of the 

hydrate. Inserting this value into Fluent, one can include the Joule-Thompson 

effect in a simplified manner.

6. When hydrate melts it releases a large amount of water and gases. If water or 

steam is used for hydrate dissociation, then handling of this huge amount of water 

together with the injected water will pose a serious problem. Finding a solution 

for this problem is very important and a lot of research work can be done 

regarding this problem.

7. A large amount of water is released when hydrate is dissociated. This huge 

amount of water obstructs the motion of the released gases to a certain extent,
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thus preventing the complete usage of the available gases at the reservoir. 

Considerable research is investigating the permeability of water and released 

gases. A two-phase flow model of simultaneous gas and water flow will be 

necessary to model this phenomenon. With better understanding we can extract 

more gases from the bottom of the reservoir.
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APPENDIX

Listed below in the following tables are the heat flow values at boundaries after 
several hours of heating for the three models from Fluent.

(a) Preliminary Conduction Model

For boundaries W2 and W4 insulated boundary conditions were applied.

W 4

W 2

Figure: Al Different walls of preliminary conduction model 

Table Al Heat flow values for preliminary conduction model.

Walls
Heat Flow Values at Boundaries in Watts, After Different Time in Hours

1 100 1000 10000 20000 40000 Steady State
Wall 1 32665 9415 3361 191 1732 1581 2346
Wall 2 0 0 0 0 0 0 0
Wall 3 -2888 -2048 -602 -173 -117 -78 -990
Wall 4 0 0 0 0 0 0 0

Total 29777 7366 2759 1745 1615 1503 1356



For Improved conduction model and case (a) of Porous media model, boundaries W7 and 

W8 are prescribed as temperature boundary conditions based on geothermal gradient. For 

case (b) of Porous media model boundaries W7 and W8 are prescribed as insulated 

boundary conditions.
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(b) Improved Conduction Model

Figure: A2 Different walls of improved conduction model
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Table A2 Heat flow values for improved conduction model.

Walls
Heat Flow Values at Boundaries in Watts, After Different Time in Hours

1 100 1000 10000 30000 40000 Steady State
Wall 1 55160 17730 13927 12994 12897 12876 13185
Wall 2 25852 4752 2728 1790 1560 1502 1452
Wall 3 55159 17720 13904 12957 12858 12836 13145
Wall 4 9760 -375 -4139 -5417 -5508 -5540 -5725
Wall 5 1425 1206 448 21 -71 -94 -256
Wall 6 9781 282 3097 -4217 -4289 -4314 -4475
Wall 7 92900 26897 4052 -4784 -5881 -6183 -7228
Wall 8 76265 21395 1809 -6319 -7323 -7599 -8573

Total 326307 89610 29633 7024 4241 3481 1524

(c) Porous Media Flow Model

In early hours of transient simulation, it appears that the temperatures on the outer 

boundary of the hydrate reservoir might have not been resolved well. Therefore, inward 

heat flow is observed at wall in early periods, but in longer simulation this anomaly 

disappears. This trend is observed in case (b) also.

Table A3 Heat flow values for case (a) of porous media flow model.

Walls
Heat Flow Values at Boundaries in Watts, After Different Time in Hours

1 10 100 1000 2000 2100 Steady
State

Wall 1 
Wall 2 
Wall 3 
Wall 4 
Wall 5 
Wall 6 
Wall 7 
Wall 8

119798
2229947
119764
-22503
231254
-22461
-35476
-5184

103383
2233796
103356
-16954
231759
-16650
-23882
-3281

78279
2238657

78264
-5424

232385
-4609
-6372
-533

26920
2242801

26906
-2842

233221
-1643
-9597
-7104

18272
2243493

18252
-4894

-246078
-3614

-28307
-26156

17489
2243493

17469
-6697

-464131
-5404

-31088
-28963

10521
2241978

10459
-42462

-1985027
-41028
-99667
-97954

Total 2615241 2611528 2610647 2508663 1970968 1742167 -3180
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Table A4 Heat flow values for case (b) of porous media flow model.

Walls
Heat Flow Values at Boundaries in Watts, After Different Time in Hours

1 10 100 1000 1500 1970 Steady
State

Wall 1 
Wall 2 
Wall 3 
Wall 4 
Wall 5 
Wall 6 
Wall 7 
Wall 8

120408 
2229966 
120374 

-2.4xlO'10 
242545 

-2.64x10‘9 
0 
0

103887 
2233901 
103861 

-3.08xl0’9 
242975 

-2.6x1 O'9 
0 
0

78619
2238682

78605
-9.5xl0*9
243495

1.17xl0"8
0
0

25947.55
2242807.5
25944.99

-0.139
243942.4

-0.139
0
0

19911.5
2243358
19909.4
-370.16

242488.96
-370.16

0
0

16086.5 
2243493
16084.6 
-3143.6 
-343250 
-3142.6

0
0

1411.6
2241977

1416
-99455.8
-2049431

0
0

Total 2713295 2684625 2639402 2538642 2524928 1926128 -3501.19


