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ABSTRACT 

Water permeability in gas hydrate bearing sediments is a crucial parameter for the prediction of 

gas production scenarios. So far, the commonly used permeability models are backed by very few 

experimental data. Furthermore, detailed knowledge of the exact formation mechanism leads to 

severe uncertainties in the interpretation of the experimental data. We formed CH4 hydrates from 

a methane saturated water solution and used Magnetic Resonance Imaging (MRI) to measure time 

resolved maps of the three-dimensional gas hydrate saturation. These maps were used for 3D 

Finite Elements Method (FEM) simulations. The simulation results enabled us to optimize 

existing models for permeabilities as function of gas hydrate saturation.    
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INTRODUCTION 
In times of declining conventional oil and gas 

resources, the development of unconventional 

energy resources is becoming more and more 

attractive [1]. Marine gas hydrates are believed to 

store vast amounts of natural gas [2-3], but a 

commercial exploitation of these reservoirs has not 

yet been established. A crucial factor for the 

estimation of the productivity and cost 

effectiveness of natural gas production from 

marine gas hydrate deposits is the knowledge of 

the sediment permeability. However, it is not well 

understood how the formation or dissociation of 

gas hydrates in the pore space of the marine 

sediment alters the permeability and consequently 

the flow characteristics of the involved phases. 

The objective of this paper is to optimize an 

equation for water permeability in gas hydrate-

bearing quartz sand based on spatially resolved 

measurements of methane hydrate saturations.  

 

Permeability models 

A number of different permeability models have 

been introduced to and used by the gas hydrate 

community. Kleinberg et al. provide a summary of 

models that are based on basic geometric 

considerations [4]. They include parallel capillary 

models and grain pack models where the fluid 

transport is obstructed by wall coating or center 

occupying solid gas hydrates.  

 

Numerical reservoir simulators tend to use more 

complex models that include formulations for 

relative water and gas permeabilities in the 

presence of gas hydrate. Commonly used 

equations are the van Genuchten/Mualem model 

[5-7] and the modified Stone model [8-9]. In 

contrast to the basic geometry models, they 

comprise additional parameters which need to be 

obtained from experimental data. A very popular 

model for water permeability is an equation that 

has been introduced by Masuda et al. [10]. It is a 

simplified form of the modified Stone model with 

the critical porosity set to zero.  

 

Other models have been obtained from the fit of 

suitable mathematical functions to experimental 
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data [11-13]. None of these models has 

experienced a prevalent use. 

 

Published experimental data 

Very few experimental data for permeabilities in 

CH4-hydrate bearing sediments have been 

published [4] [11-20]. Most authors have formed 

gas hydrates by pressurizing moist sediments with 

a CH4 atmosphere. The gas hydrate saturation was 

then calculated from mass balancing. The 

drawback of this method is that the water 

distribution in the sample can be homogeneous for 

relatively small water contents, only. As soon as 

gravitational forces exceed capillary forces, water 

will collect at the bottom of the sediment column. 

Furthermore, at small water saturations, the water 

forms a wetting film around the sediment grains. 

This leads to the formation of grain coating gas 

hydrates while natural gas hydrates are believed to 

be pore filling [21]. An exception is the work of 

Kleinberg et al. [4] and Johnson et al. [17], who let 

methane gas bubble through water saturated 

sediments.  

 

Ensuring a homogeneous gas hydrate saturation is 

a crucial factor for the interpretation of the 

experimental data. Some experimental set-ups did 

include imaging techniques for a spatially resolved 

measurement of the gas hydrate distribution. 

Computed Tomography (CT) imaging was used by 

[12] [15] [18-19]. Kneafsey and coworkers [9] 

measured sample profiles with Magnetic 

Resonance Imaging (MRI). The results of Seol et 

al. [12] reveal a spatial variation of the gas hydrate 

saturation, thus contradicting the general 

assumption of a homogeneous formation. 

 

The measurement of gas permeability is relatively 

simple compared to the measurement of water 

permeability: While the gas flow does not change 

the sample composition of dry samples on the 

short term, water flow leads to dissolution of the 

gas hydrates. The water phase is undersaturated 

with respect to methane and dissolves methane 

from the hydrate phase. Therefore, gas hydrate 

saturation is decreasing during permeability 

measurements with pure water [14-18] [20]. To 

avoid this effect, Seol et al. [12] used water with 

dissolved methane for their experiments. The 

methane concentration has to be subject to a fine 

balancing since new CH4-hydrate can form if the 

concentration of the gas in the liquid phase is too 

high. 

 

In order to meet the aforementioned experimental 

difficulties, we created an experimental set-up that 

allowed us to form gas hydrates from a CH4-

saturated water phase while monitoring the 3-

dimensional gas hydrate saturation with MRI. Data 

evaluation was done by a full 3D Finite Element 

Method (FEM) simulation that did account for the 

spatially inhomogeneous formation of gas hydrate.  

 

 

EXPERIMENTAL PROCEDURE AND DATA 

EVALUATION 

Sample preparation 

Quartz sand (G20TEAS, Schlingmeier, Schwülper, 

Germany) with a mean grain size of 0.29 mm was 

packed into a sapphire tube and compacted by 

vibrations. The sapphire tube had a diameter of 1.2 

cm and a length of 12 cm. Deionized water was 

soaked into the tube by a vacuum pump. The water 

saturated sample was mounted inside an NMR 

spectrometer (400 MHz Avance III, Bruker 

Biospin, Rheinstetten, Germany) [22]. Water 

pressure was then increased to 12 MPa and the 

sample temperature was set to 5°C. The porosity 

of the sand sample was 0.35 and the independently 

measured initial permeability was found to be 35 

Darcy. 

 

Deionized water was exposed to a methane 

atmosphere of 12 MPa at room temperature. The 

stirred system was allowed to equilibrate for more 

than 24 hours, resulting in a methane saturated 

water solution. A MATLAB (The Mathworks, 

Natick, USA) routine [23] was used to calculate 

the methane concentration at the relevant 

thermodynamic conditions [24]. It is 0.123 mol/kg 

at 22°C and 12 MPa and 0.165 mol/kg at 5°C and 

12 MPa. In the presence of gas hydrates, the 

solubility at 5 °C and 12 MPa reduces to 0.077 

mol/kg [25]. The methane saturated water was 

pumped through the sample from bottom to top at 

a constant volume flow rate of 0.75 ml/min. 

Pressure was recorded upstream and downstream 

of the sample cell. The experiment was 

automatically terminated when the pressure 

increase due to gas hydrate formation resulted in 

upstream pressures above 150 MPa. 

 

 

Magnetic Resonance Imaging 

With our imaging set-up it is not possible to image 

the full length of the sample tube (12 cm). 



Therefore, a stepping motor was used to reposition 

the sample between measurements. A series of 3D 

spin echo images, that cover the entire sample, 

was measured before starting the flow and after 

the termination of the flow. The image series were 

merged with a MATLAB code and used for the 

calculation of the gas hydrate saturation in the 

sample at the end of the experiment. MRI is only 

sensitive to the water signal, resulting in a signal 

loss during gas hydrate formation. Gas hydrate 

saturation SH can therefore be calculated from the 

relative signal difference between a reference 

image I0 and an image I of the hydrate-bearing 

sample: 

 

0

0

I

II
SH


                          (1) 

 

Imaging of the full sample during the dynamic 

process of gas hydrate formation would have 

resulted in an insufficient time resolution. During 

the flow of the CH4-saturated water, only the 

bottom part of the sample was continuously 

imaged. The image resolution was 0.9 x 1 x 0.4 

mm
3
 and the time resolution was 2.3 minutes. The 

images were used to calculate gas hydrate 

saturation maps according to eq. (1). We chose to 

monitor the bottom part because the gas hydrate 

nucleates stochastically at an unknown position in 

the sample and grows in upstream direction. When 

the front reaches the hydrate phase boundary close 

to the heated fluid inflow, it stops growing and 

accumulates until the permeability becomes low 

enough to trigger the termination condition of the 

experiment. The complete map of the gas hydrate 

saturation was used to verify that there was no 

additional massive gas hydrate accumulation 

further upstream that could have changed the total 

permeability during the final stages of the 

experiment.  

 

Finite Element Method Simulations 

FEM simulations were performed with the 

subsurface flow module of the software package 

COMSOL multiphysics (COMSOL, Palo Alto, 

USA). The last 9 gas hydrate saturation maps that 

had been measured before the termination of the 

experiment were imported as interpolation files. 

Special care was taken to ensure that the 

COMSOL interpolation process did not change the 

characteristics of the measured distribution. Two 

different permeability models were used for the 

calculations: The modified model of Stone [8] 

 
n

c

ckk 

















0

0    (2) 

 

and the Mualem/van Genuchten model [5-6] 
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In these equations, k denotes the permeability, k0 

the permeability of the gas hydrate-free 

sediment, the porosity, c a critical porosity, SW 

the water saturation, SR a residual water saturation 

and n an unknown exponent. The parameters c, SR 

and n were varied according to table 1. The output 

of the simulations was the pressure difference p 

across the modeled sample section. 

 

 
n c SR 

5-13   (mod. Stone) 

1-5   (Mualem) 

0, 0.01 0 ,0.03 

 

Table 1 Parameter variations in FEM simulations 

 

n was varied in steps of 1. A 7
th
 order polynomial 

(modified Stone model) or a 5
th
 order polynomial 

(Mualem model) as function of n was fit to the 

modeled pressure differences to get interpolated 

results for p with  steps of 0.1 in n.  

 

The experimentally measured pressure difference 

was influenced not only by the sediment, but also 

by elements of the flow system like connectors or 

filters. Therefore it did not make sense to evaluate 

absolute values for p. Instead, we investigated 

the change in p over time, p), because that 

change was entirely caused by the gas hydrate 

formation. For each value of c and SR, the number 

of n with the smallest quadratic deviation between 



experimental data and numerical simulations was 

determined. 

 

RESULTS AND DISCUSSION 

CH4 hydrate saturation 

Figure 1 shows the measured gas hydrate 

saturation at the end of the experiment. It can be 

clearly seen that the saturation is not spatially 

homogeneous. While the saturation reaches local 

values of up to 0.9, transport will spread to 

locations with smaller hydrate saturation. This 

image demonstrates that a full 3-dimensional 

evaluation of the data is mandatory to obtain 

reliable results. 

 
Figure 1  Map of final gas hydrate saturation: 

central slice of sample, resolution: 0.9 x 0.4 mm
2
 

 

 

Model parameters 

The values for the parameter n that resulted in the 

best match between experimental data and 

simulated results are listed in table 2.  

 

 
modified Stone Mualem 

 

c=0 c=0.01 SR=0 SR=0.03 

11.7 11.1 4.1 4.0 

 

Table 2 Derived values for model exponent n 

 

Figure 2 shows the corresponding model graphs 

for the change in p (p)) compared to the 

measured change during the final stage of the 

experiment. It can be seen that the modified Stone 

model matches the experimental data better than 

the Mualem model. The match for the modified 

Stone model is comparable for both critical 

porosities. The introduction of a finite value for c 

is balanced by a smaller value for n. If the critical 

porosity equals zero, the modified Stone equation 

reduces to Masuda’s model with n=11.7  
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The value of 11.7 is larger than the results of 

Minagawa et al. [14] and Konno et al. [19] who 

report exponents in the range of 8-10 for water 

permeability in gas hydrate bearing sands. This 

deviation is plausible because in contrast to the 

other studies, we evaluated 3D maps of the gas 

hydrate saturation. We could identify transport 

pathways with lower than average gas hydrate 

saturations. A smaller SH requires a larger n to 

yield the same value for k.  

 

 
 

Figure 2  Best match between experimental change 

in pressure difference and numerical simulation 

for different permeability models 

 

Figure 3 shows the water permeability as function 

of gas hydrate saturation for both variations of the 

modified Stone model. The graphs deviate mainly 

for high gas hydrate saturations. Since transport in 

the sample can spread around the highly saturated 

regions, their influence on the model results was 

negligible. Therefore, this part of the curve has to 

be considered as less accurate. 



 
 

Figure 3  Permeability as function of gas hydrate 

saturation for the best match of the modified  

Stone model 

 

 

CONCLUSIONS 

We designed an experimental set-up that enabled 

us to measure the water permeability in CH4 

hydrate bearing quartz sand in a very controlled 

way. Gas hydrates were formed from a methane 

saturated water solution, thus avoiding a possible 

crossover between grain coating and pore filling 

behavior. We could measure the spatially resolved 

gas hydrate distribution and therefore monitor the 

gas hydrate formation over time. The spatially 

inhomogeneous hydrate formation required 3D 

modeling of the fluid flow. We compared two 

permeability models: The modified Stone model 

and the Mualem/van Genuchten model. The 

modified Stone model resulted in a better match 

with the experimental data. The introduction of a 

finite critical porosity did not improve the match. 

We derived higher model exponents than other 

studies, which can be explained by our more 

detailed knowledge of the gas hydrate saturation: 

We could identify pathways with smaller than 

average gas hydrate saturation that dominated the 

transport and required a higher value for the 

exponent n.   
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