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DISCLAIMER 
 

“This report was prepared as an account of work sponsored by an agency of the United 

States Government.  Neither the United States Government nor any agency thereof, nor 

any of their employees, makes any warranty, express or implied, or assumes any legal 

liability or responsibility for the accuracy, completeness, or usefulness of any infor-

mation, apparatus, product, or process disclosed, or represents that its use would not in-

fringe privately owned rights.  Reference herein to any specific commercial product, 

process, or service by trade name, trademark, manufacturer, or otherwise does not neces-

sarily constitute or imply its endorsement, recommendation, or favoring by the United 

States Government or any agency thereof.  The views and opinions of authors ex-

pressed herein do not necessarily state or reflect those of the United States Government 

or any agency thereof.” 
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ACCOMPLISHMENTS 

 

The experimental study of hydrate bearing sediments has been hindered by the very low 

solubility of methane in water (lab testing), and inherent sampling difficulties associated with 

depressurization and thermal changes during core extraction. This situation has prompted more 

decisive developments in numerical modeling in order to advance the current understanding of 

hydrate bearing sediments, and to investigate/optimize production strategies and implications. 

The goals of this research is to addresses the complex thermo-hydro-chemo-mechanical THCM 

coupled phenomena in hydrate-bearing sediments, using a truly coupled numerical model that 

incorporates sound and proven constitutive relations, satisfies fundamental conservation 

principles. This tool will allow us to better analyze available data and to further enhance our 

understanding of hydrate bearing sediments in view of future field experiments and the 

development of production technology. 

 

ACCOMPLISHED 

 

The project management plan (PMP, Task 1) and the selection of the PhD Students 

working during the 1
st
 year of the project were competed and informed in the first quar-

terly report. The main accomplishments for this first period address Tasks 2, 3 and 4 of 

the original research plan, and include: 

 Student training.  

 Literature review.  

 Update of constitutive equations. 

 Update of THCM-Hydrate. 

 Close-form analytical solutions. 

 Numerical analyses  

 

Training 

The training of the two PhD students working in this project has continued during this 

period. As for Mr. Xuerui (Gary) Gai (i.e. the Ph.D. student at TAMU), he is progressing 

in the understanding and modeling of problems involving has hydrate sediments. As for 

Mr. Zhonghao Sun (the Ph.D. student at GT), he has continued with the implementation 

of analytical solutions in MATLAB and other pieces of software. Both students have 

progressed positively with their coursework at their respective universities.  

 

Literature review 

The literature review (Task 2) was completed during the previous periods. 

 

Update of Update of THCM-Hydrate  

The updates of the constitutive laws for hydrate-bearing marine sediments and HBS in 

the permafrost (i.e. Task 3) were completed during the previous period.  

 

Close-form analytical solutions 

The review on the main governing evolution laws, parameters, dimensionless ratios and 

simplifying assumptions for HBS dissociation has been continued during this period. A 
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study focus on the estimation of the maximum recoverable gas from hydrate bearing sed-

iments is presented in this in this report (page 6).    

 

Numerical analyses 

The numerical analyses solving field production experiments as boundary value prob-

lems have been continued in this period. 

  

Plan - Next reporting period 

We will advance analytical and numerical fronts to enhance our code to solve coupled 

THCM problems involving with HBS, with renewed emphasis on simulating the natural 

processes under in-situ conditions and gas production. 
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Milestones for each budget period of the project are tabulated next. These milestones are selected 

to show progression towards project goals.  

 

 Milestone Title Planned Date 

and 

Verification Method 

Actual Com-

pletion Date 

Comments  

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete literature review  

2.0 / 2.a 

March 2014 

Report 

 

 

March  

2014 

 

 

 

Completed 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete updated Constitutive Equations  

2.0 / 2.b & 2.c 

June 2014 

Report (with preliminary validation data) 

 

 

July    

2014 

 

 

 

Completed 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Validate new THCM constitutive equa-

tions  

3.0 / 3.a, 3.b & 3.c 

September  2014 

Report (with first comparisons between 

experimental and numerical results) 

 

 

September  

2014 

 

 

 

Completed 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete close-form analytical solutions  

4.0 / 4.a & 4.b 

February  2015 

Report (with analytical data) 

 

February  

2015 

 

 

Progress-

ing as 

planned 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete numerical analyses  

5.0 / 5.a, 5.b & 5.c 

July 2015 

Report (with analytical and numerical da-

ta) 

 

 

July 2015 

 

 

Progress-

ing as 

planned 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete THCM-Hydrate code modifica-

tions  

6.0 / 6.a  

June 2015 

Report (with numerical data) 

 

 

June 2015 

 

 

Progress-

ing as 

planned 

Title 

Related Task / Sub-

tasks 

Planned Date 

Verification method 

Complete production optimization  

7.0 / 7.a, 7.b, 7.c, 7.d & 7.e 

September 2015 

Report (with numerical data) 

 

 

September 

2015 

 

 

Progress-

ing as 

planned 
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MAXIMUM RECOVERABLE GAS FROM HYDRATE BEARING SEDIMENTS 

(DEPRESSURIZATION)  

 

1 Introduction 

 Natural gas hydrates are crystalline water and gas compounds. Stable thermody-

namic conditions are met at high pressure and low temperature. Estimates of the global 

accumulation vary between 3x10
15

 m
3
 and 10

17
 m

3
 while the technically recoverable 

volume is on the order of 3x10
14

 m
3
 (Sloan and Koh 2007; Boswell and Collett, 2011; 

Figure 1).  

 
 

Figure 1. Estimation of global gas on the state of hydrate gas. From Sloan and Koh 

(2007); Boswell and Collett (2011). Notice conventional gas reserves are still orders of 

magnitude less than the worst of hydrate gas estimations. 

 

 Gas reservoirs in hydrate bearing sediments can be classified as (Moridis and 

Collett 2003; Moridis et al. 2011 and Moridis and Sloan 2007): 

 Class 1: high hydrate saturation layer on top of a layer with free gas and water 

(i.e. Bottom Simulating Reflector BSR). 

 Class 2: similar to class 1 but there is no free gas beneath (only mobile water). 

 Class 3: absence of free fluids underneath (semi confined aquifer). 

 Class 4: low hydrate saturation (< 10%), and lack of confining stratum. 
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Class 1 reservoirs are most desirable because they are next to the phase boundary and a 

low energy input is required for dissociation. Class 4 is least desirable because they lack 

confinement and can lead to very low recovery efficiency. 

 Sandy deposits are currently preferred because of their high permeability and low 

compressibility. Reservoirs that are considered to be commercially feasible given today’s 

state of the art are listed in Table 1.  

 

Table 1: Selected reservoirs gas volume estimation.  

Location Gas estimation [m
3
] Reference 

Mallik (Canada) 3 10
9
 to 4 10

9
 Moridis et al. 2002 

Gulf of Mexico 6 10
14

 BOEM report 2012 

Mount Elbert (Alaska) 4 10
9
 BOEM report 2012 

Atlantic coast USA 6 10
14

 BOEM report 2012 

Pacific coast USA 2.3 10
14

 BOEM report 2012 

Ulleung Basin (Korea) 10
15

 to 10
18

 Moridis et al.  2013 

Nankai Trough(Japan) 5.6 10
11

 Fujii et al 2013 

ShenhuArea (China) 1.6 10
9
 Wu et al. 2010 

Krishna-Godavari ba-

sin (India) 
9.8 10

8
 to 5.6 10

9
 Shankar and Riedel 2011 

Note: the amount of gas in place, technically and economically recoverable is still under 

discussion, and its values change with respect to authors and computation methods 

(Figure 1). 

 

 Methane gas can be produced from hydrate bearing sediments by (Moridis et al. 

2008; Santamarina and Jang, 2009; Jang and Santamarina, 2011): (a) depressurization; 

(b) thermal stimulation; (c) inhibitor’s injection, and (d) CO2-CH4 replacement. Several 

field tests have taken place as summarized in Table 2. 
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Table 2: Well tests summary in chronological order 

Name Loc. Year Dur. Type Form. 
Shyd 

[%] 

Meas. keff 

[mD] 

Gas pro-

duced 

[m
3
] 

Affected 

radius 

[m] 

Observ. Reference 

Mallik Canada 2002 
123.7 

hrs 

Thermal 

stim. 
Sand 

60 

to 

85 

0.001  

to 0.1 
468 3 

Formation 

solids were 

produced 

Hancock et al. 

(2005); Moridis 

et al. (2011) 

Mt. El-

bert 
Alaska 2007 

Several 

tests up 

to 13 

hrs 

each 

Depress. Sand 

50 

to 

70 

0.12 

 to 0.17 
7 10

-4
 

0.05 to 

0.15 
 

Boswell et al. 

(2008); Hunter et 

al. (2011); An-

derson et al 

(2008) 

Mallik Canada 

2007 15hrs Depress. 

Sand 

60 

to 

85 

0.1 to 1 830 ND 

Sand in-

flow caus-

es opera-

tional 

problems 

Dallimore et al. 

(2008) 

2008 

6 days 

(139 

hrs) 

Depress. ND 13000 ND  
Yamamoto and 

Dallimore (2008) 

Nankai 

Trough 
Japan 2013 6 days Depress. Layd. ND ND 120000 ND 

First off-

shore pro-

duction - 

www.jogmec.go.

jp 

mD = 10
-12

 m
2 

ND = No data provided
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 The analysis of gas production requires complex coupled thermo-hydro-

mechanical codes such as (Moridis et al. 2014; Hong and Pooladi-Darvish 2005; Moridis 

et al. 2008; Walsh et al. 2009; Konno et al. 2010; Pruess 2003; CMG 2012; Nagao 

2011): TOUGH + HYDRATE (Lawrence National Lab), MH21-HYDRES (Japan Oil 

Engineering Company), CMG-STARS (Computer Modelling Group, Canada), STOMP-

HYD (Pacific Northwest National Laboratory). These codes involve a large number of 

equations, constitutive relations and parameters. They are complex and suffer from time- 

and space-discretization errors (Pooladi-Darvish 2004). Table 3 shows some of the key 

parameters involved in these simulations.  

 Analytical solutions have been proposed to analyze local conditions (Kwon et al. 

2008) thermal stimulation (Ullerich et al. 1987; Esmaeilzadeh et al. 2011; Klar et al., 

2013), and depressurization (Goel et al, 2001; Ji et al., 2001; Hong et al. 2003; Tsypkin 

2000). However these analyses remain complex, require iterative solution and hide ex-

plicit relations between governing parameters. 

 The pressure distribution in radial flow is inversely proportional to the logarithm 

of the radial distance to the well. Therefore there is a physical limit to the zone around a 

well that can experience pressure-driven dissociation. The study reported herein was 

conducted to develop a simple and robust set of equations to estimate limits for gas pro-

duction from hydrate bearing sediments using depressurization. 
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Table 3: Summary of selected parameters used in numerical simulations 

Well 

rad. 

Dom. ra-

dius 

Hyd. 

thick. 

Initial 

press. 

Well 

press. 

Initial 

temp. 
Intrinsic Perm. Porosity 

Reference 

[m] [m] [m] [MPa] [MPa] [K] [m
2
 or mD] [--] 

0.1 10000 1 5.7 2.7 278.85 1 10
-15

 to 1 10
-12 

m
2
 

0.30 to 

0.60 

Moridis and Sloan 

(2007) 

ND 567.5 15 10 ND 286.65 1 10
-12 

m
2
 0.3 

Moridis and Kow-

alsky (2006) 

0.1 45 23 13 2.93 274.2 1 10
-15 

m
2
 0.3 Li et al (2012) 

ND ND 
20, 16, 

10 

10.8, 9, 

10.8 
ND 285 2 10

-14 
m

2
 0.28 Moridis et al (2002) 

0.1 
450 to 

1500 
200 (Varies) 2.7 ND 1000 mD 0.3 to 0.64 Myshakin et al (2012) 

0.1 100 10 11.5 3, 4 and 5 287.15 1 10
-14 

m
2
 0.38 Su et al (2012) 

0.1 400 11.3 6.4 3 275.5 1 10
-12 

m
2
 0.4 Moridis et al (2011) 

0.1 250 20 23 3 289 5 10
-13  

m
2
 (**) 

0.45 to 

0.65 
Moridis et al (2013) 

ND 120 70, 100 13, 8.7, 13 3 287 1000 to 0.1 mD 
0.3 to 0.4 

(***) 
Kurihara et al (2009) 

0.1 45 22 13.8 0.2 Po 287 7.5 10
-14 

m
2
 0.41 Li et al (2010) 

0.1 250 50 
6.7 to 

12.13 
4 282 to 287 10 to 500 mD 0.4 Konno et al (2010) 

 

(*) computed from model proposed by Stone (1970) rA = (S*A)
n
; S*A = (SA - SirA)/(1-SirA); krG = (S*G)

n
; S*G = (SG - SirG)/(1-

SirG) 

(**) estimated value 

(***) varies for clay, silt and sand 

(****) For the case of Class 3: 14° C and ko = 500mD 

ND = no data provided 
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Table 3: Summary of selected parameters used in numerical simulations (cont.) 

 

Relative permeability 

(*)   

  
Water Gas 

  
Hydrate satura-

tion 
n SirA SirG 

Observations Reference 

[--] [--] [--] [--] 

0.02 to 0.1 4 0.2 0.02 
Parametric study –Dissoc. pressure is computed by the 

software 
Moridis and Sloan (2007) 

0.7 3 0.25 0.02 Class 1 and 2 hydrate deposit studied 
Moridis and Kowalsky 

(2006) 

0.4 3.57 0.25 0.05 Simulating Qilian Mountain Permafrost - China Li et al (2012) 

0.8, 0.5, 0.8 4.2 0.2 0.05 
Simulating different zones @ Mallik reservoir - Canada - 

vertical and horizontal wells 
Moridis et al (2002) 

0.05 to 0.80 3.16 0.18 0.02 
Simulating layered sediments in Gulf of Mexico Walker 

Ridge 313 site 
Myshakin et al (2012) 

0.1, 0.2 and 0.3 5 0.3 0.03 Parametric study of Shenhu Area China Su et al (2012) 

0.65 4.2 0.2 0.02 Parametric study of Mount Albert, Alaska Moridis et al (2011) 

0.3 to 0.7 3.5 0.2 0.01 Simulating layered sediments Ulleung Basin, Korea Moridis et al (2013) 

0.1 to 0.96 ND ND ND 
Layered system of sand, silt and clay of Nankai Trough, 

Japan 
Kurihara et al (2009) 

0.44 3.57 0.3 0.05 Sea of south of China, Shenhu Li et al (2010) 

0.6 k = ko (1-Sh)
2
 Class 1, 2 and 3 reservoirs Konno et al (2010) 

(*) computed from model proposed by Stone (1970) rA = (S*A)n; S*A = (SA - SirA)/(1-SirA); krG = (S*G)n; S*G = (SG - SirG)/(1-SirG) 

(**) estimated value 

(***) varies for clay, silt and sand 

(****) For the case of Class 3: 14° C and ko = 500mD 

ND = no data provided 
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2 Analytical Solution 

 Consider a gas hydrate reservoir in a host sediment under high water pressure and 

low temperature. Gas production starts as soon as the decreasing pressure brings the hy-

drate outside stability conditions. The host sediment will experience: permeability 

changes, settlement, fines migration, unsaturation and gas expansion (Jang and Santama-

rina, 2011).  

 
 

Figure 2. General description of the problem. Below the seafloor, a hydrate layer is lo-

cated immersed in a generic host sediment. As soon as the production pipe decreases the 

pressure to hw, two zones can be defined. The first one from the well to the dissociation 

front and beyond the dissociation front; both with different permeability values.  

Note: sub-indices: w = well; far = far field; * = dissociation front 

 

 Two zones can be identified under steady state conditions when the pressure drop 

is kept constant and hydrate stops dissociating (Figure 2): the inner zone where hydrate 
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has been depleted, and the outer zone where hydrate remains stable. Let’s define the size 

of the produced zone as r* [m], and the total head pressure in the far field as hfar [m]. The 

inner zone is characterized by the permeability of the sediment without hydrates (ksed) 

and the outer zone by the permeability of the hydrate bearing sediment (khbs). Clearly, 

gas was produced from the inner zone r ≤ r*. 

2.1 Thin or Deep Reservoir Condition 

 The pressure field around a production well when continuity and Darcian condi-

tions are satisfied is defined by Laplace’s equation, in terms of the total energy Etot, or of 

the total head ht = Etot/mg, where mg define the fluid unit weight; then, in cartitian coor-

dinates: 

 (1) 

 However, stability conditions and the dissociation front are determined by the 

pore water pressure u = (ht–he) γw, where u is the pore pressure, he elevation pressure. In 

most cases, the thickness of the hydrate bearing sediment layer is much smaller than the 

depth at which the hydrate layer is located or depressurization is much greater than the 

affected geometry Δu >> Δhe. Then we can assume that the effect of elevation on total 

head is negligible, and we link total head ht directly to pressure head u = ht. Then fluid 

pressure becomes u = ht γw. Spherical and axisymmetric flow conditions are analyzed 

next. 

2.2 Homogeneous Formation: Spherical Flow Condition 

Radial flow. Laplace’s equation in spherical coordinates is (Figure 3): 

 
(2) 

 

where the azimuthal angle θ, the polar angle ξ and the radius r define the location of any 

point on a sphere.  
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Figure 3. General description for the spherical dissociation front case. 

 

Radial flow tangential derivatives are zero and the equation simplifies to: 

 
(3) 

Which means: 

 
(4) 

Hence: 

 
(5) 

Let’s select the following boundary conditions: 

At the well:  

At far field:  
(6) 

Where rw [m] is the well radius and rfar [m] is the radius of influence of the well. Then: 

    and     (7) 

which gives us: 
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(8) 

The velocity can be computed from Darcy’s law: 

 

(9) 

where k [m/sec] is the permeability. The flow rate q [m
3
/sec] becomes: 

 
(10) 

If the total head is known at two radial distances r1 and r2, then the flow rate is: 

 

(11) 

Dissociation Boundary r*. At state conditions, the dissociation front stops expanding at 

the terminal position r*, there is no more dissociation, and water flow rate continuity is 

satisfied at the boundary between the inner hydrate-free sediment and outer hydrate bear-

ing medium. Hence: 

 

(12) 

 

                

(13) 

Since 1/rfar → 0, this equation predicts that the size of the dissociation front r* can be 

estimated as (Figure 4): 

 

  (14) 
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Figure 4. Spherical dissociation front. Relationship between dissociation radius, perme-

abilities and pressure. 

 

2.3 Layered Formation: Axisymmetric Flow with Leak-in Condition 

 Consider a hydrate bearing sandy reservoir confined between two low permeabil-

ity layers (Figure 5-a).  

The conservation of mass in this annulus is: 

 (15) 

 (16) 

where  [m/sec] is the velocity perpendicular to the horizontal plane. Once again, this 

equation is in terms of ht, however we consider small changes in elevation so that ht ≈ u. 

Applying Darcy’s law: 

 
(17) 

where h is the total head at any point evaluated at a determined distance, k’ [m/s] is the 

aquitar permeability, b [m] the aquitard layer thickness and h
+
 is the total head outside 
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the semi-confined aquifer. 

 

(18) 

 
(19) 

 The solution of this equation is (De Glee 1951): 

 

(20) 

where Ko is the modified hyperbolic Bessel function of the second kind and order zero. 

 
Figure 5: Leaky aquifer case. a) General description, where H = hydrate layer thickness, 

ksed = sediment permeability, khyd = hydrate layer permeability, hw = well water pressure, 

h* = dissociation pressure, hfar = far field water pressure, r* = dissociation front, rw = 

well radius. b = aquitard thickness, k’ = aquitard permeability. (b) General description 

for the double semi-confined aquifer. 
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 For steady state conditions, the water flow rates at the boundary between the hy-

drate free inner zone and outer hydrate bearing sediment zones satisfy mass conserva-

tion: 

 

 
(21) 

 

(22) 

 

(23) 

 Different approximations to Bessel functions are identified for different ranges of 

the argument. Figure 6 shows the hyperbolic Besssel function of the second kind and or-

der zero, and two different approximations: a logarithmic function fits best for the argu-

ment < 0.5, while the exponential fits best for 0.3 <argument< 7.  

 
Figure 6. Leaky aquifer case. Best fit for Bessel equation (Ko) for r/B < 0.5 and r/B > 

0.3. 

Note: B =  

 Then the following explicit equations apply to different scenarios: 
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Case A:    and   
 

  

 

(24) 

 

(25) 

  

Case B:    and   
 

 

 

(26) 

  

 

(27) 

 

 

 

Case C:    and   
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(28) 

 

 

 

 

 

(29) 

  

3 Discussion 

 The spherical is the simplest case, in which the relative sediment permeability 

ksed/khbs and relative pressure dissociation control the dissociation front. Near the phase 

boundary (hfar – h*) → 0 and sediments with high hydrate saturation so that ksed >> khbs 

lead to larger production zones r*. The critical role of the “effective well radius” rw is 

also highlighted. 

 For the leaky aquifer case scenario, the equations are defined with 10 variables 

controls the dissociation front: dissociation radius r*, well effective radius rw, hydrate 

layer thickness H, aquitard thickness b, hydrate bearing sediment permeability khbs, aqui-

tard permeability k’, sediment permeability ksed, dissociation pressure h*, well pressure 

hw and far field pressure hfar. Nevertheless, only two units are involved: [L] and [T], 

which means that there are 8 possible dimensionless ratios (Buckingham’s theorem). The 

equations for all cases already show important dimensionless ratios as: relative sediment 

permeability ksed/khbs, relative leak-in permeability ksed/k’, relative pressure dissociation 

(h* – hw)/(hfar – h*) and a geometrical ratio H b/rw
2
. The comments for the spherical case 

also apply for the leak-in condition. The geometrical ratio represents the importance of 

the leaky aquifer respect to the hydrate bearing sediment layer, as H increases the pro-
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duction zone.  

4 Recoverable Gas: Energy 

 The energy density of gas methane is Ed = 46 MJ/kg STP, while the density for 

hydrate is just Ed = 4.8 MJ/kg of hydrate mass (Hermann, 2005). The recoverable energy 

RE [J] from a hydrate bearing sediment with hydrate saturation Shyd [--] when V [m
3
] is: 

 (30) 

where n is the porosity, and e the gas recovery efficiency. The recovery efficiency e de-

pends on the interaction of gas with other fluids (such as water) in the reservoir as a 

function of pore size distribution and connectivity (Jang and Santamarina 2011). For the 

case when gas is the only fluid displaced and water remains in the reservoir (represents 

the case with maximum gas recovery). 

 
(31) 

where β is the fluid expansion factor as the ratio of the combined gas and water volumes 

to the initial volume of hydrate. Typical values are β = 1.3 (u = 30 MPa) and e = 0.6; and 

β = 6 (u = 3 MPa) and e = 0.96. Figure 7 shows the profit per hydrate thickness vs. radi-

us of dissociation r* estimated for selected reservoirs. The most profitable extraction res-

ervoirs are the Ulleung Basin and Nankai Trough where the cost of gas is almost 4 times 

the price in USA (FERC: Federal Energy Regulatory Commission - www.ferc.gov). The 

low costs of gas extraction in USA hinder the possibility of gas extraction in the near 

future. Table 4 summarizes values used for these computations.  
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Figure 7. Economical analysis. Profit per hydrate thickness with respect to dissociation 

front for selected potential locations. 

 

Table 4: Profit analysis 

  
Reservoir 

Parameter Unit Mallik 

Walker 

Ridge 

(GoM) 

Mt El-

bert 
Korea Japan 

Hhyd [m] 10 200 11 20 100 

ksed [m/s] 10
-7

 10
-7

 10
-6

 10
-6

 10
-7

 

khbs [m/s] 10
-9

 10
-8

 10
-9

 10
-9

 10
-8

 

n [--] 0.28 0.5 0.4 0.5 0.35 

Shyd [--] 0.5 0.7 0.65 0.5 0.5 

Ed [MJ/kg] 46 

ρhyd [kg/m
3
] 920 

β [--] 2.5 1.35 2.7 1.4 1.2 

e [--] 0.88 0.63 0.89 0.66 0.49 

RE [MJ/m
3
] * 1703.7 3034.8 3210.5 2274.3 1184.3 

Price (**) [USD/MJ] 4220 16563.5 16510.75 

       (*) MJ per volume of dissociated gas 
   (**) Data from www.ferc.gov, 2013 

     

 

http://www.ferc.gov/
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5 Comparison with Literature 

 Numerical simulations show the time evolution of gas production typically for 

several years. However, the analysis conducted here is for steady state conditions at the 

end of gas production. Table 5 shows input values and numerical simulations results. 

Figure 8 compares numerical and analytical results. The close-form analytical solutions 

presented here predicts ultimate radius of dissociation to be within 1 and 1.15 the numer-

ically computed value. The difference may be due to the fact that none of the numerical 

simulations are run to the ultimate radius, but a radius close to the final value. 

 
 

Figure 8. Comparison with literature cases. Dissociation front computed tends to be 

larger than the values from the literature but contained in a 15% error area. Note that Mt. 

Elbert simulations were stopped after 10800 days of production, therefore no ultimate 

radius of dissociation was reached. 
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Table 5: Data input for equations for selected cases 

            
Solution 

Case 
H rw b (*) ksed khbs k

’
 Shyd hw hfar h* (**) 

Data based on: 
r

*
 Vol gas 

[m] [m] [m] [m/s] [m/s] [m/s] [--] [MPa] [MPa] [MPa] [m] [m3] 

Hypothetical 1 1 0.1 1 6.5 10
-9

 3.810
-9

 1.010
-14

 0.10 2.70 5.70 4.70 
Moridis et al 

(2007) 
23.1 1.210

4
 

Hypothetical 2 15 0.1 1 6.5 10
-6

 1.910
-9

 1.010
-14

 0.70 3.00 12.00 11.20 
Moridis et al 

(2006) 
3750.0 2.510

10
 

Hypothetical 3 50 0.1 1 3.2 10
-6

 5.110
-7

 3.010
-6

 0.60 4.00 12.00 11.80 
Konno et al 

(2010) 
11.5 9.110

5
 

Mallik, Canada 20 0.1 1 1.310
-7

 2.110
-9

 1.010
-7

 0.50 3.00 11.00 9.40 
Moridis et al 

(2004) 
2.5 1.05E+04 

Mt Elbert, 

Alaska 
11.3 0.1 1 6.510

-6
 5.7 10

-9
 1.010

-10
 0.65 3.00 6.40 3.20 

Moridis et al 

(2011) 
54.4 5.0 10

6
 

Shenhu, China 10 0.1 1 6.510
-8

 3.910
-9

 1.010
-7

 0.30 3.00 12.00 11.84 Su et al (2012) 3.2 6.910
3
 

Ulleung Basin, 

Korea 
70 0.1 1 3.210

-6
 2.210

-9
 1.010

-12
 0.70 3.00 23.00 11.60 

Moridis et al 

(2013) 
1600.0 3.8 10

10
 

Nankai Trough, 

Japan 
22 0.1 1 6.510

-7
 1.310

-8
 1.010

-12
 0.50 3.00 13.00 11.60 

Kurihara et al 

(2009) 
1700.0 7.510

9
 

(*) Assumed values 

(**) Computed from temperature following Kwon et al (2008) 

(***) Obtained from hydrate saturation front figures 

H = hydrate bearing sediment layer thickness; r* = radius of dissociation; rw = radius of the well; b = aquitard thickness; ksed = sediment 

hydraulic conductivity; khbs = hydrate bearing sediment hydraulic conductivity; k’ = aquitard hydraulic conductivity; Shyd = hydrate satu-

ration; hw = well pressure; hfar = far field pressure, h* = dissociation pressure 

ND = no data provided 
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Table 5: Data input for equations for selected cases (cont.) 

 

 Solutions from numerical simulations 

Case 
r* (***) Vol gas 

Observations Reference 
[m] [m3] 

Hypothetical 1 20.0 5 10
3
 Confined aquifer 

Moridis et al 

(2007) 

Hypothetical 2 ND 1 10
8
 Class 1 reservoir: free gas zone - Confined aquifer 

Moridis et al 

(2006) 

Hypothetical 3 10.0 1 10
8
 Class 3 reservoir - non confined aquifer Konno et al (2010) 

Mallik, Canada 2.0 ND 
 

Moridis et al 

(2004) 

Mt Elbert, Alaska 10.0 5.5 10
6
 

Simulation stopped after 10800 production days (not ultimate 

radious) 

Moridis et al 

(2011) 

Shenhu, China 4.0 9 10
3
 

 
Su et al (2012) 

Ulleung Basin, Korea 250.0 9 10
7
 r* reaches the boundary of the simulations - Confined aquifer 

Moridis et al 

(2013) 

Nankai Trough, Ja-

pan 
120.0 3 10

7
 r* reaches the boundary of the simulations - Confined aquifer 

Kurihara et al 

(2009) 

(*) Assumed values 

(**) Computed from temperature following Kwon et al (2008) 

(***) Obtained from hydrate saturation front figures 

ND = no data provided 
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6 Discussion: Real Case Scenario 

 The decrease in pore water pressure causes an increase in effective stress, volume com-

paction and the decreased sediment permeability ksed. This is demonstrated next for the case of 

radial flow. Water pressure distribution is (Muskat 1946): 

 

(32) 

Effective stress is a function of the initial total stress σo at the depth of the reservoir. The change 

in void ratio for large stress is estimated as (e1kPa is the void ratio at σ’ = 1 kPa and β a soil pa-

rameter): 

 

(33) 

Where e1kPa is an arbitrary reference value of void ratio; β a soil parameter. 

Permeability can be found from (Ren and Santamarina; k1kPa is the reference permeability at σ’ = 

1 kPa and b is a soil parameter which depends on specific surface – for the case of coarse grained 

soils b = 3.5): 

 
(34) 

With this new change in permeabilities, the pore water pressure distribution will be modified 

again. Note that the new pore water pressure distribution will lead a change in effective stress, 

void ratio and permeability. Figure 9 shows an example for the data from Nankai Trough (sum-

marized in Table 6). Figure 9-a represents the initial pore pressure and effective stress distribu-

tion on the well and its impact on the void ratio, hydraulic conductivity and flow rate for a steady 

state condition (Figure 9-b, –c and –d). The permeability and flow rate fall several orders of 

magnitude.  
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Figure 9. Example of gas hydrate production from a marine environment under depressurization 

strategy (Summary of parameters used can be found in Table 6). 

 

Table 6: Summary of parameters for the example in Figure 9 

 

Parameter Symbol Units Value 

Total stress in the reservoir σ [kPa] 16000 

Initial water pressure hfar [kPa] 13000 

Well water pressure hw [kPa] 3000 

Radius of influence rfar [m] 100 

Radius of the well rw [m] 0.1 

Reservoir thickness H [m] 1 

Permeability exponent b [--] 3.5 

Void ratio exponent β [--] 0.5 

Reference void ratio e1MPa [--] 1 

Reference permeability k1MPa [cm/s] 10
-2

 

 

7 Conclusions 

 Gas production by depressurization is limited by the size of the zone that can be taken 

outside the stability field. Two cases are analyzed: homogeneous spherical flow 
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conditions and layered leaky aquifer. Close form solutions predict the size of the affected 

zone within 15% values estimated with complex numerical simulators. 

 The analytical solutions show the interplay between the variables: relative sediment 

permeabilities ksed/khbs, the leakage in the aquifer k’/ksed, relative pressure dissociation 

(h* – hw)/(hfar – h*) and a geometrical ratio H b/rw
2
. 

 Results reflect the complexity of gas recovery from deep sediments included limited 

affected zone, large changes in effective stress and associated reductions in permeability. 
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PRODUCTS 

 

Publications – Presentations:  

 A session on “Hydrate bearing soils: characterization, modeling and geomechanical im-

plications”, was organized for the forthcoming AGU Fall meeting 2015, San Francisco, 

15
th

 to 19
th

 December 2014. Marcelo Sanchez is one of the session conveners. 

 Carlos Santamarina was invited to deliver an invited lecture on hydrate bearing Sedi-

ments at the AGU Fall meeting 2015.   

 A conference paper has been accepted at the XVI ECSMGE 2015. Edinburgh, UK, Sep-

tember 13-17 2015 Title: “Numerical Modeling of Gas Hydrate Bearing Sediments”. Au-

thors: M. Sanchez, J. C. Santamarina. A. Shastri & Xuerui Gai.  

 

Website: Publications (for academic purposes only) and key presentations are included in 

http://pmrl.ce.gatech.edu/; http://ceprofs.civil.tamu.edu/msanchez/ 

 

Technologies or techniques: None at this point. 

 

Inventions, patent applications, and/or licenses: None at this point. 

 

Other products: None at this point. 

 

PARTICIPANTS  

 
Research Team: The current team is shown next.  

 

 

 

 

 

 

 

 

 

 

 

 

IMPACT  

 While it is still too early to assess impact, we can already highlight the computational platform 

extensively validated in a wide range of coupled thermo-hydro-chemo-mechanical coupled 

problems (CB_Hydrate). 

 

CHANGES/PROBLEMS:  

None so far. 

 

SPECIAL REPORTING REQUIREMENTS:  

Nothing to report 

Admin Support. PI:  Marcelo 
Sanchez  

PhD #1 
Xuerui Gai 

 

PI:  J. Carlos 
Santamarina 

  

Admin Support. 

PhD #1 
Zhonghao Sun 

Collaborators (no cost) 
Pending                 Geology / field conditions 
Pending                Gas production/tests 
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