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Key Points: 

 Flow behavior and gas hydrate saturation during CH4 hydrate formation in sand were 

monitored. 

 Different permeability equations were tested for ability to reproduce experimental 

results. 

 Equations of form k ~ (1-SH)
n
 show best agreement with data. 

 

Abstract 

Transport of fluids in gas hydrate bearing sediments is largely defined by the reduction of the 

permeability due to gas hydrate crystals in the pore space. Although the exact knowledge of 

the permeability behavior as a function of gas hydrate saturation is of crucial importance, 

state-of-the-art simulation codes for gas production scenarios use theoretically derived 

permeability equations that are hardly backed by experimental data. The reason for the 

insufficient validation of the model equations is the difficulty to create gas hydrate bearing 

sediments that have undergone formation mechanisms equivalent to the natural process and 

that have well-defined gas hydrate saturations. We formed methane hydrates in quartz sand 

from a methane-saturated aqueous solution and used Magnetic Resonance Imaging to obtain 

time-resolved, three-dimensional maps of the gas hydrate saturation distribution. These maps 

were fed into 3-D Finite Element Method simulations of the water flow. In our simulations, 

we tested the five most well-known permeability equations. All of the suitable permeability 

equations include the term (1-SH)
n
, where SH is the gas hydrate saturation and n is a parameter 

that needs to be constrained. The most basic equation describing the permeability behavior of 

water flow through gas hydrate bearing sand is k = k0 (1-SH)
n
. In our experiments, n was 

determined to be 11.4 (±0.3). Results from this study can be directly applied to bulk flow 

analysis under the assumption of homogeneous gas hydrate saturation and can be further used 

to derive effective permeability models for heterogeneous gas hydrate distributions at 

different scales.   
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1 Introduction 

Gas hydrates are crystalline compounds consisting of water molecules enclathrating 

small gas molecules. Natural gas hydrates predominantly host methane in the cage structure 

and, hence, methane hydrates are considered as an unconventional resource for natural gas 

(e.g. [Sloan, 2003]). They are stable at high pressures and low temperatures. On earth, 

stability conditions for CH4 hydrates are met in continental margin sediments overlain by at 

least several hundred meters of water and below permafrost soil. The US Geological Survey 

[2014] provides an updated database on worldwide observations of gas hydrate 

accumulations, while numerical diagenetic models are applied to predict global distribution 

maps and inventories (e.g. [Buffett and Archer, 2004; Wallmann et al., 2012, Pinero et al., 

2013]). Current estimates of the global amount of methane stored in marine gas hydrates are 

roughly 1000 Gt of carbon, equivalent to today’s known conventional reserves of coal, oil, 

and natural gas together. This knowledge has triggered the desire to tap this energy resource 

and production field trials have been conducted below Arctic permafrost at Mallik in northern 

Canada [Dallimore and Collett, 2005; Dallimore et al., 2012] and at Ignik Sikumi in Alaska 

[Schoderbek et al., 2013] as well as at the continental slope of the Nankai Trough, Japan 

[Cyranoski, 2013]. However, natural gas production from methane hydrate accumulations is 

complicated by the fact, that the presence of gas hydrates in the sediment pore space reduces 

the permeability of the reservoir. On the other hand, permeability reduction by gas hydrate 

formation can be an efficient means to reduce or even prevent leakage of greenhouse gases, 

such as CH4 and CO2, through sediments above sub seabed gas reservoirs like conventional 

offshore gas production sites and sub-seafloor CO2 storage units. These dynamic changes of 

sediment permeability are also a key factor in determining the spatial distribution of gas 

hydrate accumulations as well as the temporal evolution of cold seeps by clogging up of gas 

migration pathways (e.g. [Luo et al., 2016; Pinero et al., 2016]).  

Despite its importance for understanding and predicting mass transport in gas hydrate 

settings, it is not well understood in quantitative terms how the formation or dissociation of 

gas hydrates in the pore space of marine sediment alters the permeability and consequently 

the flow characteristics of the involved phases. Currently, available numerical simulators rely 

on theoretical or empirical equations of permeability as a function of gas hydrate saturation 

(e.g., [Moridis, 2004; Moridis and Sloan, 2007; Li et al., 2010]) that have not been validated 

by data. In this study, we monitored water flow through laboratory-scale sediment samples 

during CH4 hydrate formation to test and calibrate published permeability equations. 

Magnetic Resonance Imaging (MRI) was employed to obtain spatially and temporally 

resolved CH4 hydrate saturations during the formation process. Subsequently, the CH4 

hydrate saturation maps were fed into Finite Element Method (FEM) software and different 

permeability equations were used to simulate the resulting flow field. 

 

2 Previous studies 

Although the knowledge of permeabilities is of utmost importance for the prediction 

of the feasibility of gas production from natural gas hydrates, few experimental data for the 

validation of permeability equations exist. Laboratory experiments determining permeability 

as a function of gas hydrate saturation require precise control of experimental conditions 

including the formation of well-defined gas hydrate saturations inside a sediment sample. In 

the following paragraphs, we summarize existing theoretically and experimentally derived 

permeability models and experimental data sets. 
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2.1 Permeability equations 

Several permeability equations have been proposed in the literature. Kleinberg et al. 

[2003] list a number of equations that were derived from basic geometric considerations: The 

pore space of the sediment is approximated either as a bundle of parallel capillaries or as a 

Kozeny type grain model [Kozeny, 1927]. Flow obstruction is then calculated for wall- or 

grain-coating and center- or pore-filling gas hydrates. For both, the capillary and the grain 

model, the equation for water permeability k in the presence of wall-coating gas hydrates has 

the form  

 nHSkk  10 .         (1) 

In this equation, k0 is the intrinsic permeability in the absence of gas hydrates, SH is the gas 

hydrate saturation and n is an exponent that equals 2 for the capillary model. For the grain 

model, Spangenberg [2001] derives n = 2.5 by calculating the corresponding Archie 

saturation exponent. For center-filling gas hydrates in a capillary bundle, the permeability 

equation is 
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whereas pore-filling gas hydrates in a Kozeny grain pack result in 

 

 2
0

1

1

H

n

H

S

S
kk




 .         (3) 

Using Spangenberg’s estimation for the Archie saturation exponent, the range for n can be 

narrowed down to 2.4 < n < 3. 

Further permeability equations, typically used in reservoir simulators, are the van 

Genuchten/Parker equation ([Mualem, 1976; van Genuchten, 1980; Parker et al., 1987]), the 

Civan equation [Civan, 2001] and the modified Stone equation [Stone, 1970]. Van Genuchten 

developed an equation for the hydraulic conductivity of water and gas in unsaturated soils 

that is based on equations of Mualem for the prediction of hydraulic conductivities from soil-

water retention curves. Parker and co-workers advanced these equations to a form that is now 

routinely used for the description of two-phase flow in soils. The van Genuchten/Parker 

equation for the water permeability is 
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where SWr is related to the water saturation SW and the irreducible water saturation SirW of the 

soil. In the presence of gas hydrates, Sw depends on gas hydrate saturation:  
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The parameter n in this equation corresponds to 1/n in the original equation. We introduced 

this modification in order to have a decrease in permeability with increasing n, similar to the 

other listed equations. The van Genuchten/Parker equation was used, for example, by the 

EOSHYDR/Tough2 simulator when simulating the Mallik thermal stimulation field test 
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[Moridis et al, 2005], and it was chosen for some of the problems in the international gas 

hydrate code comparison study initiated by the US Department of Energy [Wilder et al, 

2008]. The Civan equation has been derived for fluid flow in a porous medium undergoing 

clogging of pores by suspended solid particles or the precipitation of a solid phase. If gas 

hydrate formation is considered as the mechanism inducing the clogging of pores, water 

permeability is described by the following equation: 
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Here, denotes the initial porosity of the sediment and n is a parameter that corresponds to 

the parameter 2 in the original manuscript. Examples for applications of the equation are 

the work of Sun and Mohanty [2006], who used the Civan equation for kinetic simulations of 

methane hydrate formation and dissociation in porous media, and of Bai et al. [2008], who 

employed it to simulate gas production from a hypothetical marine gas hydrate reservoir. 

Stone developed an equation for the calculation of relative permeabilities for three-phase 

flow in porous media, including a gas phase, a wetting liquid phase (water) and a non-wetting 

liquid phase (oil). For gas hydrate settings, the oil phase is replaced by an immobile hydrate 

phase, which allows the calculation of gas/water relative permeabilities (‘modified Stone 

equation’). The water permeability is then given by 
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where c is a critical porosity. The critical porosity is the fraction of the pore space that is 

occupied by a residual immobile phase. In the case of gas hydrates, c is usually related to 

small amounts of free gas that are trapped in the sediment. The modified Stone equation was, 

for example, used in the simulation of the Mallik pressure reduction field test [Anderson et al, 

2011; Kurihara et al., 2011; Moridis et al., 2011] and the Ignik Sikumi field test [Schoderbek 

et al, 2013]. The CMG STARS reservoir simulator (Computer Modelling Group Ltd, 

Calgary, Canada) uses a permeability equation for multi-phase flow of the form [CMG, 2009] 
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The software manual describes this equation as a Carman/Kozeny type of equation [Carman, 

1937] without giving further details on its derivation. 

Besides these theoretically derived equations, also empirical equations have been 

proposed. A relatively simple equation is the ‘U-Tokyo equation’ [Masuda et al., 1997], 

which equals Eq. 1 and is a simplified form of the modified Stone equation by setting c = 0. 

The exponent n is variable and needs to be determined for each geological or experimental 

setting. Kurihara et al. [2005] derived permeability equations from a multivariate regression 

of the Mallik gas hydrate depressurization production field test data. Their equations have 

been fitted only for a limited range of gas hydrate saturations and diverge when SH is 

approaching zero. They provide different equations for sand (2 < log(k) < 4) 
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and for clay (-1 < log(k) < 1). 
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The parameters are chosen such that k has the unit mD. Delli and Grozic [2013, 2014] 

introduced a weighted sum of the pore-filling and grain-coating versions of the Kozeny grain 

equation (Eqs. 1 and 3) where the weighting factors  and  themselves depend on gas 

hydrate saturation: 
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 Seol and Kneafsey [2011] used X-ray Computed Tomography (X-ray CT) data to determine 

gas hydrate saturations in a sediment sample and propose a permeability equation with three 

adjustable parameters l, m and n to predict water breakthrough after flooding of the gas-

saturated sample: 

   HSlnmkk  expexp0 .      

 (12) 

 

2.2 Experimental data 

Only limited experimental data for permeabilities in CH4 hydrate-bearing sediments 

have been published so far [Kleinberg et al., 2003; Ahn et al., 2005; Minagawa et al., 2005; 

Jin et al., 2007; Sakamoto et al., 2010; Johnson et al., 2011; Kneafsey et al., 2011; Liang et 

al., 2011; Seol and Kneafsey, 2011; Konno et al., 2013; Li et al., 2013; Schoderbek et al., 

2013; Li et al., 2014]. Most authors have formed gas hydrates in the laboratory by 

pressurizing moist sediments with a CH4 gas atmosphere. The bulk gas hydrate saturation 

was then calculated from mass balancing by assuming a homogeneous gas hydrate 

distribution. The drawback of this approach is that, depending on grain size, the water 

distribution in the sample may be homogeneous only for relatively small water contents. As 

soon as gravitational forces exceed capillary forces, water will accumulate 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 preferential formation of grain-coating or pore-

throat blocking gas hydrates whereas natural gas hydrates are believed to be dominantly pore-

filling [Waite et al., 2009]. Kleinberg et al. [2003] and Johnson et al. [2011] formed gas 

hydrates by bubbling methane gas through water-saturated sediments. This method is more 

similar to formation processes at cold vents, but it is highly unlikely that it will result in 

spatially homogeneous gas hydrate formation. Natural gas hydrates have been investigated in 

the work of Li et al. [2014], who used pressure core samples from the South China Sea, and 

Jin et al. [2007], who worked with pressure core samples from the Nankai Trough.  

Ensuring spatially homogeneous gas hydrate saturations is crucial for the 

interpretation of the experimental data if only the total amount of gas hydrate is known. If 
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spatial homogeneity cannot be guaranteed, the gas hydrate distribution has to be known. 

However, only four of the above mentioned experiments applied imaging techniques to 

measure spatially resolved gas hydrate saturations: Jin et al. [2007] used X-Ray CT to 

characterize the pore space of the gas hydrate-free sediment, but not of the gas hydrate 

bearing sediment. Schoderbek et al. [2013] performed MRI and Kneafsey et al. [2011] 

employed X-Ray CT to measure averaged one-dimensional gas hydrate saturation profiles, 

while Seol and Kneafsey [2011] used X-Ray CT to generate three-dimensional gas hydrate 

saturation maps. In the majority of the published studies, permeability was evaluated 

exclusively by measuring the pressure drop across the hydrate-bearing sample during fluid 

flow. Exceptions are Konno et al. [2013] and Seol and Kneafsey [2011], who used their X-

Ray CT setup to additionally monitor and analyze the intrusion of water into a water-free 

hydrate-bearing sediment sample, whereas Li et al. [2014] and Kleinberg et al. [2003] applied 

an empirical equation to calculate gas hydrate saturation and permeabilities from Nuclear 

Magnetic Resonance (NMR) relaxometry data. Measuring the permeability of pure water or 

brine in CH4 hydrate bearing samples has a severe experimental drawback: The fluid is 

undersaturated with respect to CH4. It is striving towards thermodynamic equilibrium by 

dissolving gas hydrates, causing the permeability to increase during the measurement. In 

addition, methane gas may have remained inside the sample despite elaborate flushing 

procedures. The presence of the gas can cause additional gas hydrate formation when coming 

into contact with the water phase. As a consequence, gas hydrate saturations might not be 

constant during permeability measurements. Minagawa et al. [2005], Jin et al. [2007], 

Sakamoto et al. [2010], Johnson et al. [2011], Kneafsey et al. [2011] Konno et al. [2013] and 

Li et al. [2013] measured water permeabilities with pure water or brine, whereas Seol and 

Kneafsey [2011] were seeking to prevent dissolution effects by performing their experiments 

with CH4-saturated water. The experiments of Li et al. [2014] and Kleinberg et al. [2003] 

were conducted without water flow. Liang et al. [2011] and Schoderbek et al. [2013] solely 

measured gas phase permeabilities from single phase gas flow. In order to avoid the 

aforementioned experimental difficulties and flaws, we designed an experimental set-up that 

allowed us to form gas hydrates from a CH4-saturated water phase while monitoring the 3-

dimensional spatial distribution of gas hydrate saturation with MRI. Data evaluation was 

achieved by a full 3-D time-dependent FEM simulation that accounted for the spatially 

inhomogeneous formation of gas hydrates.  

 

3 Experimental set-up and data evaluation 

3.1 Sample preparation 

Quartz sand (G20TEAS, Schlingmeier, Schwülper, Germany) with a mean grain size 

of 0.29 mm, a maximum grain size of 0.7 mm, a minimum grain size of 0.063 mm and modal 

grain size distribution was packed into a cylindrical sapphire tube with an inner diameter of 

1.2 cm and a length of 12 cm. The sand was compacted by vibrations. A piece of a sponge 

was inserted on top of the sand to confine the sediment volume and prevent the sand from 

moving upstream. The tube was closed with a polyether ether ketone (PEEK) cap, and 1.6 

mm (1/16 inch) diameter PEEK capillaries were connected to the caps at both ends of the 

tube. To prevent sand grains from moving into the capillaries, filter elements were screwed 

into in the end caps. A sketch of the setup is shown in Figure 2a). A vacuum pump was used 

to saturate the sand with deionized water. Due to geometric constraints, pressure was 

recorded approximately 50 cm upstream and downstream of the sample cell. Therefore, the 

measured flow resistance for the gas hydrate free sample was dominated by the flow 

resistance of the capillary connections. Connections were sealed with finger-tightened PEEK 
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ferrules, which had to be opened between experiments. It is not possible to tighten these 

ferrules in a reproducible way. Hence, it is not possible to determine the permeability 

contribution of the empty sample cell and its periphery because the retightening of the 

ferrules after filling the cell with sediment changes the flow resistance. This effect can be 

observed in Figure 3, where both experiments show different initial pressure differences. 

Thus, the initial permeability of the sand matrix had to be measured with a separate set-up 

that incorporated a larger sand volume: A cylindrical tube with a diameter of d=1.5 cm, a 

cross-section of A=7.07 cm
2
 and a length of l =41.5 cm was filled with compacted quartz 

sand. Subsequently, a vacuum pump was used to saturate the sand with deionized water at 

room temperature (20 °C). Pressure was measured directly at the bottom and the top of the 

sand column. Water was pumped through the column from bottom to top with a high-

performance liquid chromatography (HPLC) pump. Flow rates Q were ranging from 1 to 9.95 

ml/min and the corresponding pressure differences ps across the sample length were  

recorded after the pressure values had stabilized. Measurements were repeated up to 4 times 

and averaged. Additionally, pressure differences pw were measured for the same set-up 

without sand. Slope values ps,w/Q were determined by fitting the two datasets with a linear 

function (Fig. 1). The values for Q=0 ml/min and Q=1ml/min were left out in the fit because 

the HPLC pump works more reliable at higher flow resistances. Using the derived slope 

values, the sample permeability was calculated from Darcy’s law 
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where  is the dynamic viscosity of water.  Porosity was calculated from the sand volume Vs, 

which was calculated from the weight of the sand sample and the density of the sand grains, 

and the tube volume V=Al: 
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The porosity of the sand sample was 0.35 and the permeability was 3.4×10
-11

 m
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34 Darcy.  

 

 

3.2 Gas hydrate formation 

The sapphire tube containing the sample was inserted into a PEEK cooling jacket, 

mounted in upright position inside a NMR spectrometer (400 MHz Avance III, Bruker 

Biospin, Rheinstetten, Germany) and connected to our high-pressure flow-through system 

NESSI [Kossel et al., 2013b]. A HPLC pump (SYKAM, Fürstenfeldbruck, Germany) was 

used to pressurize the sample with deionized water to 12 MPa. The sample cooling was 

adjusted to maintain a sample temperature of 5 °C. In order to prevent gas hydrate formation 

outside of the sand sample, the capillary connectors at the PEEK caps were heated with warm 

air. The gas-saturated fluid for gas hydrate formation was prepared by filling deionized water 

into a stirred pressure vessel (Parr Instrument Company, Moline, USA) and exposing it to a 

12 MPa CH4 atmosphere (purity 99.995 %, AirLiquide, Kornwestheim, Germany) at room 

temperature. The water/gas system was allowed to equilibrate for more than 24 hours. Then, 
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the fluid supply for the sample was switched from deionized water to CH4-saturated water. 

Saturation concentrations for methane in water were calculated with dedicated routines 

[Kossel et al., 2013a] programmed in the MATLAB® environment (The Mathworks, Nattick, 

USA). They correspond to 0.123 mol/kg at 12 MPa, 22 °C and 0.165 mol/kg at 12 MPa, 5 °C 

[Duan and Mao, 2006]. In the presence of gas hydrates, the saturation concentration 

decreases to 0.077 mol/kg (12 MPa, 5 °C) [Tishchenko et al., 2005]. The fluid was pumped 

through the sample from bottom to top with a constant flow rate of 0.75 ml/min. Gas hydrates 

formed from the CH4-saturated water phase with no free gas being present in the sand 

sample. The formation started at random times, but mostly within 48 hours after starting the 

inflow of gas-saturated water. The experiment was automatically terminated when the 

pressure increase due flow obstruction caused by gas hydrate formation resulted in upstream 

pressures of more than 15 MPa. This termination condition corresponds to the maximum 

allowed pressure for a safe operation of the sample cell. Pressure was measured upstream and 

downstream of the sample cell and the difference of these experimentally derived pressures 

was calculated. These data are hereafter referred to as “experimentally derived pressure 

differences”. 

 

3.3 Magnetic Resonance Imaging (MRI) 

We used hydrogen MRI [Callaghan, 1993; Weishaupt, 2008] to monitor the growth 

and spatial distribution of CH4 hydrate in the quartz sand sample. MRI solely detects mobile 

molecules, i.e. it images the hydrogen in the liquid water phase but not the solid gas hydrate 

or sediment phases. The presence of gas hydrates can only be deduced indirectly from a local 

absence of the water signal. Water with dissolved CH4 gas was pumped through the sample 

for 30 minutes. Then, the flow was stopped and a set of 3-D images was recorded that 

covered the entire sediment sample. The length of the radio frequency (RF) resonator for 

imaging was 4 cm. This is relatively small compared to the length of the sample tube (12 

cm). Therefore, a stepping motor was used to reposition the sample between measurements 

for a piecewise imaging of the total sand column. The images were merged to a single dataset 

and served as reference image of the gas hydrate free sample. For these measurements, a 

multi-slice multi-spin echo sequence (MSME) with a repetition time TR of 10 s, an echo time 

TE of 3 ms and 32 collected echoes was applied. The field of view (FOV) was 1.5 × 1.3 cm
2
 

with an in-plane spatial resolution of 0.235 × 0.235 mm
2
. The sample volume was covered by 

26 image slices with a slice thickness of 0.5 mm. Subsequent to the data acquisition, the multi 

echo signal was used to perform a correction for signal loss due to transverse relaxation. 

After acquisition of the reference image, the sample was positioned in a way that the 

following imaging sequences covered the volume close to the fluid inflow. In order to obtain 

a reasonable time resolution, the sample was not repositioned between measurements during 

this part of the experiment. A series of T2-weighted multi slice spin echo (MSSE) sequences 

was started producing a full 3-D dataset of the volume of interest every 128 s. The 

experiment was performed with the following parameters: TR = 4 s, TE = 2.9 ms, FOV = 3 × 

1.3 cm
2
, spatial resolution 0.94 × 0.4 mm

2
, number of slices NS = 13, slice thickness d = 1 

mm. After completion of the first two datasets, the fluid flow was resumed and the 

experiment was run until finally the flow obstruction due to massive gas hydrate formation 

resulted in upstream pressures above 15 MPa and the experiment was automatically 

terminated. When the water flow had stopped, a second set of relaxation corrected MSME 

images was created with a similar pulse sequence as for the gas hydrate free sample. Gas 

hydrate saturation SH was calculated by quantifying the signal loss relative to the gas hydrate 

free reference image: 
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Here, I0 is the signal intensity of the reference image and I is the signal intensity of the 

images during CH4 hydrate formation. This equation is valid if gas hydrate formation is the 

only source of signal loss. Other possible reasons for signal losses that occur in the course of 

the experiment are changes in longitudinal and transverse relaxation behavior: The presence 

of gas hydrates in a pore space can alter the relaxation characteristics of the pore water 

molecules [Kleinberg et al., 2003]. This effect has in part been accounted for by calibrating 

the non-relaxation-corrected MSSE images with gas hydrate saturations that have been 

calculated from relaxation-corrected MSME images. For each CH4 hydrate saturation map, 

the corresponding experimental pressure difference was defined as the mean measured 

pressure difference that was derived from averaging of the pressure data over the acquisition 

time of the map (128 s). In contrast to the MSME dataset, the time-resolved MSSE images 

covered only the bottom part of the sample. Hence, evaluation of these data was only 

possible, if gas hydrates formed primarily in this lower section of the sample. The CH4 

hydrate saturation maps of the entire sample that were calculated from the MSME images 

were inspected for gas hydrate formation outside the limited image volume of the MSSE 

images. Experiments with substantial gas hydrate formation outside the defined volume of 

interest in the MSSE images were discarded. This applied to six out of eight experiments, 

leaving two datasets for further evaluation. The final gas hydrate saturations of the two 

remaining experiments are shown as supplements S1 and S2. In one of the two experiments 

(hereafter termed as experiment 1), the position of the FOV was changed during the 

experiment. At the time of the change, the new volume of interest contained already a small 

spot of CH4 hydrate and the MSSE reference image was not completely gas hydrate free. The 

CH4 hydrate spot was identified in the MSME images and the MSSE images were corrected 

accordingly. Experiment 2 was performed with a slightly different image resolution than 

experiment 1. The geometry parameters were FOV = 3 × 1.3 cm
2
, in plane spatial resolution: 

0.235 × 0.4 mm
2
, NS = 13, d = 1 mm for the MSME and FOV = 3 × 1.3 cm

2
, in plane spatial 

resolution: 0.47 × 0.4 mm
2
, NS = 13, d = 1 mm for the MSSE sequences. 

 

3.4 Finite Elements Method simulations 

FEM simulations of the flow field were performed with the software package 

COMSOL® Multiphysics (COMSOL, Palo Alto, USA) in the “free and porous media flow” 

mode. An 18.5 mm long section of the sample cell was chosen as model domain. The 

simulated geometry covers the conical interior volume of the lower end cap and a 10 mm 

long cylindrical part of the sapphire tube, which has a diameter of 12 mm and is shown in 

Figure 2 b). At first, the measured gas hydrate saturation maps were implemented into the 

model: The 30 mm long time-dependent experimental maps were cut to match the size of the 

model domain. We specified thresholds to minimize the influence of noise at low signal 

strengths or low gas hydrate concentrations. Voxels with reference signal amplitudes or 

calculated gas hydrate saturations below the corresponding threshold values were defined to 

be free of gas hydrates. Thresholds were chosen for each dataset individually according to the 

corresponding signal to noise level of the data. Apparent decreases of gas hydrate saturation 

at isolated grid points in time and space, which are associated with noise-related fluctuations 

of the signal, were removed from the data. The final nine experimental gas hydrate saturation 

maps of each selected experiment were included in the FEM simulations in the form of 
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interpolation functions. This selected time frame covers the period of severe pressure increase 

in the experiments. The internal interpolation routine of COMSOL® Multiphysics tends to 

smooth out steep gradients or, in extreme cases, even to make them vanish locally. Since 

there is no other possibility to import our experimental data into the software, we pre-treated 

the data before feeding them into the simulation software: The grid of the experimental 

saturation matrix was extended with additional grid points at the center of all face diagonals 

and space diagonals. These additional points were set to the maximum gas hydrate saturation 

value of the neighboring original grid points. This procedure ensured that high concentration 

values as well as high concentration gradients were maintained in the maps after the 

COMSOL® Multiphysics interpolation. Figure 2 b) includes an example of the imported and 

interpolated gas hydrate saturation. A standard fine tetrahedral mesh optimized for fluid 

dynamics applications was generated. The mesh element size was between 0.12 and 0.64 

mm, which corresponds to the spatial resolution of the experimental gas hydrate saturation 

maps. Custom defined meshes with very high node densities in regions with high gas hydrate 

saturations were also tested, but did not change the simulation outcome significantly. 

Therefore, the presented simulations were performed on the more time efficient standard 

mesh. The mesh is also visualized in Figure 2 b). Subsequently, the implemented model was 

used for porous media fluid flow simulations. Gas hydrate growth was not part pf the model, 

since gas hydrate saturations could be directly obtained from the experimental data. 

Boundary conditions were set to constant flow (u = 0.001086 m/s, corresponding to a volume 

flow of 0.75 ml/min) at the fluid inlet, constant pressure (p = 0) at the fluid outlet and to no 

slip at the impermeable container walls.  

Simulations were run with the following permeability equations: pore-filling Kozeny 

grain equation (Eq.3), van Genuchten/Parker equation (Eq.4), Civan equation (Eq.6), 

modified Stone equation (Eq.1+7) and CMG Stars equation (Eq.8). The exponent n was 

varied from 5 to 13 with a step size n = 1. The modified Stone equation was run withc = 0 

andc = 0.01. The van Genuchten/Parker equation was run with n ranging from 1 to 7, SirW = 

0 and SirW = 0.03. The second values for c and SirW were arbitrarily chosen to test if the 

model performs better with nonzero values for these parameters. For each gas hydrate 

saturation map, pressure differences across the sample length xp were extracted from the 

solution of the corresponding simulation run and compared to the experimentally derived 

pressure differences. Only the change in pressure difference between two consecutively 

measured saturation maps was evaluated. This change in time t of xp is entirely caused by 

CH4 hydrate formation and is not influenced by the sample periphery. The simulated values 

for t(xp) resulting from different values of the exponent n of the permeability equations 

were fitted with a 7
th

 order polynomial. This function describes the trend of the data very well 

and can be used to interpolate results in between the simulated values. The exponent n that 

best describes the experimental data was identified by minimizing the difference between 

experimental t(xp) values and the corresponding polynomial function. 

 

 

4 Results  

4.1 Experimental observations 

Figure 3 shows the measured pressure difference for the two analyzed experiments. 

The periodic pattern on the curves is caused by oscillations in the feedback-loop of the 
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temperature control. As mentioned in paragraph 3.1, the pressure sensors were mounted 

outside of the sample. Therefore, the initial pressure difference is mainly influenced by 

elements of the flow system like capillaries, connectors and filters. It differs between the 

experiments since the connectors have been opened and retightened. As a consequence, the 

initial pressure difference is not a measure for the initial permeability of the sample and the 

initial permeability had to be determined with a separate experimental set-up.  

Gas hydrate nucleation is a stochastic process that does not start immediately after 

establishment of the gas hydrate stability conditions [Sloan and Koh, 2008]. The curves in 

Figure 3 reflect this behavior: While the first experiment was terminated after 68 minutes, the 

second experiment took 244 minutes. Both curves show the same general trend with 

relatively small changes in the pressure difference during most of the experiment and a steep 

increase in pressure difference within the final ten minutes before the termination condition is 

reached. The cause for this behavior can be seen in Figure 4.This Figure shows a time series 

of the CH4 hydrate saturation in a 1.2 cm long and 1.2 cm wide section of the sample. It 

covers the final 26 min of experiment 1. The images display a 0.4 mm thick central vertical 

slice close to the fluid inlet of the sample. The fluid is pumped through the sample from 

bottom to top, i.e. against the gravitational force as it typically happens in natural gas hydrate 

systems. In Figure 4a, two patches of gas hydrate can be seen that originate from two 

different nucleation seeds. These patches then grow towards the bottom of the sample since 

the dissolved CH4 is fed in at the bottom and moves upwards. In Figure 4b, the two patches 

have almost grown together and in Figure 4c they have merged. Overall, the CH4 hydrate 

precipitates at a relatively constant saturation of 0.4 to 0.6, and is then growing downward 

towards the fluid inlet at this saturation. It seems that the growth front of the hydrate patches 

strips the feed methane efficiently from the fluid and, thus, prevents a further increase in gas 

hydrate saturation. A different behavior can be observed in Figure 4d : The sample region 

close to the fluid inlet is heated to prevent gas hydrate formation outside of the sample 

matrix. As a consequence, a small volume of the sample remains outside of the CH4 hydrate 

stability field. When the downward growing CH4 hydrate front reaches this stability 

boundary, it cannot grow further. Instead, the gas hydrate starts to accumulate at the 

boundary. It is this accumulation in a thin section of the sample that is effectively obstructing 

the upward flow and thereby triggers the strong increase in pressure difference at the end of 

the experiment, while the extensive growth of CH4 hydrate at a moderate saturation barely 

leads to any measurable obstruction of the flow.  

The same gas hydrate formation characteristics are observed in experiment 2. Figure 5 

depicts gas hydrate saturation maps of the final 30 min of this experiment. A different slice 

orientation than in Figure 4 has been chosen for this representation because the saturation 

inhomogeneity is more pronounced in this orientation. Hence, the image resolution is 

different compared to the resolution in Figure 4. Again, the gas hydrate formation is patchy 

and the saturation is in the range of 0.4 to 0.6 until the hydrate formation front reaches the gas 

hydrate stability boundary and an efficient blockage occurs.  

Figure 6 shows planar projections of the roughly conical surface of maximum gas 

hydrate saturation at the end of both experiments. The depicted plane is normal to the flow 

direction and the maps show the maximum gas hydrate saturation that can be found along the 

z direction for each voxel. Obviously, the gas hydrate saturation is not homogeneous and the 

water flow can divert to areas of lower gas hydrate saturation. The observed gas hydrate 

distribution clearly illustrates the necessity of a full three-dimensional evaluation of the data 

and that averaging over spatial dimensions would induce severe errors and incorrect 

interpretation of the pressure drop data. The total gas hydrate volume in the entire sample at 
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the end of the corresponding experiment was determined from the MSME data. It was 0.64 

cm
3
 for experiment 1 and 1.75 cm

3
 for experiment 2. 

 

4.2 Numerical data analysis 

 

Table 1 lists the constrained values of the exponent n for the tested permeability 

equations with their standard errors and the standard deviation  of the corresponding fit of 

the change in pressure difference. The reproducibility of the experimental procedure is 

confirmed by the fact that the obtained exponents have comparable values for both 

experiments. Standard deviations for the fit are almost identical for all equations, with the 

exception of the van Genuchten/Parker equation. This holds true also after introducing an 

irreducible water saturation SWir of 0.03. Hence, the shape of the simulated curve using the 

van Genuchten/Parker equation is less suitable for describing the trend of the experimental 

data, while all other equations result in similar fit qualities and are equally suitable for 

describing the data.The fit for the modified Stone equation does not improve significantly 

after introducing a nonzero value for the critical porosity c in order to represent a residual 

gas saturation in the porous medium. We therefore hypothesize that c can be considered to 

be zero for this experiment. This is a plausible assumption since the use of a vacuum pump 

for the initial water saturation procedure should remove air in the sand matrix efficiently and 

the subsequent pressurization to 12 MPa reduces the volume of possibly remaining gas 

pockets by two orders of magnitude. With c =0, the modified Stone equation takes the form 

of the U-Tokyo equation (Eq. 1). Supplements S3 and S4 include additional modeled curves 

for different values of the exponent n.  

The optimized curves for simulated changes in pressure difference versus 

experimental data are presented in Figure 7. The error bars in the figure originate from the 

fact that the experimental pressure differences had to be averaged over the duration of one 

imaging run. Towards the end of the experiment, the pressure difference changed by several 

MPa during the measurement time, resulting in larger error bars. The shape of the curves in 

Figure 7 is similar except for the van Genuchten/Parker equation, which significantly 

deviates from the trend in the data and rises too early. Figure 8 visualizes the equivalence of 

the four suitable permeability equations for the constrained parameterizations (Tab. 1). The 

curves differ mainly in the region of high gas hydrate saturations above SH = 0.75. At these 

saturations, the permeability is extremely low (<110
-16

 m
2
) and the fluid flow in the sand 

matrix is effectively blocked. Hence, the FEM simulations are not sensitive to locally 

constrained further reductions in permeability. As a consequence, the permeability equations 

are not well validated for very high gas hydrate saturations. The curves also show that the 

reduction of the permeability is roughly exponential for the interval 0 <SH< 0.35, where it 

drops by two orders of magnitude, and that the permeability decreases more strongly for 

higher values of SH. 

 

5 Sources of errors 

The derived values for the exponent n are error-prone due to statistical and 

experimental errors. Statistical errors are represented, for example, by the standard deviation 

of the fits and the standard error of the optimized exponents, which are listed in Table 1. 
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Experimental errors and uncertainties include unaccounted-for signal losses (as discussed in 

chapter 3.3) and the influence of the spatial and temporal resolution of the data acquisition.  

The error arising from averaging of the pressure data over the time interval of the 

imaging sequence is depicted by the error bars in Figure 7. It is caused by signal noise, 

oscillations originating from the feedback loop of the sample cooling and the pressure rise 

due to gas hydrate formation during the measurement time. The influence of these effects  on 

parameter n is in the order of 1% and can be neglected compared to other errors (see 

Supplement S3 and S4).  

The gas hydrate saturation in the sand sample increases during the duration of the 

imaging experiment. As a consequence, the calculated gas hydrate saturations are time-

averaged values with unknown weightings. A comparison of the final MSSE image, which 

was measured during gas hydrate formation, and the final MSME reference image, which 

was measured after the formation had stopped shows that the uncertainty of the 

experimentally derived gas hydrate saturations is in the range of a few percent of their 

magnitude. This is the same range as the noise-related fluctuations within the images.  

The spatial resolution of the images was chosen to be sufficiently large to average 

over multiple grain diameters, but small enough to resolve variations in SH. This averaging 

could mask true maximum values of SH, especially at the steep saturation gradient at the 

bottom end of the gas hydrate patch. As shown in Figure 6, areas with large gas hydrate 

saturations cover only part of the sample cross section. The fluid flow is diverted to regions 

of lower, but much more homogeneous gas hydrate saturations and less steep saturation 

gradients. The optimized permeability models indicate that the high saturation regions are 

practically impermeable. In these regions, it does not matter if a coarse resolution results in 

lower gas hydrate saturations as long as the derived saturation is high enough to also induce 

an effective flow blockade. Because of their lower variability, the more homogeneous regions 

do not require extremely high image resolutions. Therefore we do not expect to have large 

errors due to resolution issues. 

Relaxation of the NMR signal is enhanced in the proximity of sand grain surfaces 

[Kleinberg et al., 2003]. Since the gas hydrate in a fully water-saturated porous medium is 

expected to grow as pore-filling crystallites [Waite et al., 2009, Chaouachi et al., 2015], 

residual water at grain surfaces might not contribute to the measured signal. This effect can 

cause an overestimation of the calculated gas hydrate saturations. As a consequence, the true 

values for n might be larger than the derived values.  

Another source of error is the value of the initial permeability k0. It was measured 

with a different setup and might deviate from the initial permeability of the actual samples. 

Hence, we performed a second fit of the simulated data with k0 as an additional fitting 

parameter. The results for the fitting parameters n and k0 and the standard deviation of the fits 

are listed in Table 2. The measured value for k0 was 3.3×10
-11

 m
2
. Fitted values range from 

0.7×10
-11

 m
2
 to 6.9×10

-11
 m

2
 except for the van Genuchten/Parker equation with SWir = 0, 

which obtains a best fit for k0= 51×10
-11

 m
2
. However, the standard errors of the permeability 

values are mostly larger than the values itself, indicating that the two fit parameters are not 

independent from each other or that the order of magnitude for the permeability value is not 

well constrained. This means, that k0 has to be provided by independent means to accurately 

evaluate the data. Nevertheless, if the initial permeability is allowed to vary as a fitting 

parameter, the measured value is reproduced within one order of magnitude and the results 

for the exponents n only change within the range of their estimated experimental errors. This 

evidence suggests that the values constrained for n are plausible and robust. 
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6 Discussion  

6.1 Gas hydrate growth habits 

The primary applications for permeability equations predicting the effect of gas 

hydrates forming in the sediment pore space are gas production simulations of gas hydrate 

reservoirs and simulations of fluid flow dynamics in gas hydrate / seep systems. Thus, it is 

important that gas hydrate sediments used in laboratory studies resemble the relevant natural 

properties as closely as possible. Typically, artificial CH4 hydrates are precipitated from a 

limited amount of water in partially water-saturated sediments exposed to a high-pressure 

methane atmosphere, because this is the most convenient method. One advantage of this 

procedure is the almost immediate start of gas hydrate nucleation due to the excess supply of 

gas molecules in comparison to the method of a gas-saturated solution where the stochastic 

onset of gas hydrate nucleation may take several days to weeks. Another advantage of the 

partial saturation method is that the final gas hydrate saturation can be controlled by varying 

the amount of water in the sediment. However, X-Ray CT data published by Kneafsey et al. 

[2011] and Seol and Kneafsey [2011] question the common belief that the partial water-

saturation method yields a homogeneous gas hydrate distribution in the sample. Their gas 

hydrate saturation maps demonstrate distinct spatial inhomogeneities. We have evidence 

from MRI data [Kossel et al., 2013b] that the degree of homogeneity depends on the initial 

water distribution in the sample and on the completeness of the water consumption in the 

course of gas hydrate formation. The water is evenly distributed only if the capillary forces 

are larger than the gravitational force. If the influence of gravitation leads to an accumulation 

of water at the bottom of the sample, gas hydrate saturation, too, will be higher at the bottom. 

A fast pressurization of the sample can also lead to a redistribution of the water phase. Even 

for homogeneous initial water distributions, gas hydrate formation does not occur 

simultaneously across the sample. The transformation of gas and water into gas hydrates is 

accelerated in some parts of the volume, probably because of local oversaturation of gas in 

the liquid phase. Only for a complete conversion of water to hydrate does the gas hydrate 

distribution correspond to the initial water distribution. Therefore, a spatially resolved 

monitoring of the gas hydrate formation in sediment matrices and a characterization of the 

final distribution is equally mandatory for both the partial water-saturation method as well as 

the gas-saturated solution method. If the occurrence of inhomogeneities is confirmed, data 

evaluation has to be performed for a full three-dimensional representation of the sample. This 

is always recommended for gas hydrate formation from gas-saturated solution because gas 

hydrate saturations will vary in space and locally also in time, as our experiments have 

demonstrated.  However, it needs to be stressed that this is the dominant formation 

mechanism of natural marine gas hydrates, which preferentially show a pore-filling growth 

habit [Waite et al., 2009]. Hence, gas hydrate formation from gas-saturated solution is better 

suited to mimic natural gas hydrate properties.  

Water in a partially water-saturated sediment sample is wetting the sediment grains, 

i.e. forming a thin film of water around the grains as well as menisci between neighboring 

grains. Consequently, gas hydrates can only form from these water films leading to a grain-

coating and pore throat-clogging growth habit, whereas gas hydrates in a fully water-

saturated sand matrix form preferentially in the pore centers [Tohidi et al., 2001; Jin et al., 

2012, Chaouachi et al., 2015]. Increasing the water saturation in a partially water-saturated 

medium is believed to induce a transition from grain-coating gas hydrates to pore-filling gas 

hydrates when the water film around the grains increases in thickness [Delli and Grosic, 

2013].  It is plausible, that the flow obstruction resulting from both methods is different: The 

pressure in our experiments raises little for low to moderate gas hydrate saturations and 
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increases strongly at large gas hydrate saturations. This behavior is typical for gas hydrates 

that grow predominantly in the pore centers and fill the pore throats only at high saturations. 

Grain-coating gas hydrates will clog up pore throats quickly and thus, reduce permeability 

more effectively already at lower gas hydrate saturations compared to the pore-filling growth 

habit.  Therefore, grain-coating growth behavior at low water saturation is expected to result 

in even higher values of n than those determined in our experiments.  

6.2 Permeability as a function of gas hydrate saturation 

Four of the five tested permeability equations show the capability to reproduce our 

experimental data equally well: The pore-filling type Kozeny grain equation, the Civan 

equation, the CMG Stars equation and the modified Stone equation including its simplified 

version, the U-Tokyo equation. One similarity of the suitable equations is the factor (1-SH)
n
. 

The less suitable van Genuchten/Parker equation is the only one that does not include this 

specific term. This finding indicates, that (1-SH)
n
 is the governing factor describing the 

permeability behavior, and the most basic permeability equation would be k = k0(1-SH)
n, 

which is the modified Stone equation for a critical porosity of ϕc=0 (Eq.1). Reducing a model 

equation to its mathematically least complex form is also always beneficial in numerical 

simulations. Therefore, we recommend this simple equation to be used in numerical models 

of single phase water flow in gas hydrate bearing sediments. In contrast to the Kozeny grain 

equation, the Civan, CMG Stars and modified Stone equations have the advantage, that their 

formalism also includes equations for multiphase flow gas/water permeabilities. Therefore, 

these equations are preferred for simulations of complex multiphase flow problems. 

However, gas permeability equations and multiphase flow equations have not been evaluated 

and tested explicitly within the scope of our study. Hence, we cannot make solid statements 

about the reliability of our optimized equations in the context of multiphase flow.  

Our result for the exponent of the modified Stone equation with fc= 0, n=11.4, is 

larger than most published values. The majority of the published results for n range from 2.5 

to 10 [Minagawa et al., 2005; Liang et al., 2011; Konno et al., 2013; Delli and Grosic, 2014; 

Li et al., 2014] with the values either being about 3 or about 9. An exception is the work of Li 

et al. [2013] who report a value of n=38 and the results of Masuda et al. [2005], who derived 

n=14. In contrast to these studies, we evaluated time dependent 3-D 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 permeability reduction. 

Therefore, it is plausible that our larger result for n is a consequence of our more elaborate 

and accurate data evaluation procedure, which is not reduced to averaged gas hydrate 

saturations of the entire sample volume. The discussion of errors in section 5 concludes that 

the uncertainty of our result is expected to be in the order of 10% of its value. Consequently, 

our value for n remains still larger than most previous estimates even if possible errors are 

considered. In gas hydrate reservoir simulations, generally relatively low exponent values of 

n =2-5 have been used with the tested permeability equations so far (e.g., [Anderson et al, 

2011; Kurihara et al., 2011; Moridis et al., 2011; Schoderbek et al, 2013; Mahabadi and 

Jang, 2014; Reagan et al., 2015]). As a consequence, simulated gas production rates might be 

overestimated or induced permeability errors have been compensated by twitching other 

unknown model parameterizations during history matching of field trial production data. 

Hence, using our optimized permeability equations may help improving gas production 

simulations as well as understanding the effects of true spatial inhomogeneities in the gas 

hydrate distribution in reservoirs or in laboratory experiments. This, of course, requires that 

spatial inhomogeneities are included in the simulations and the resolution of the model grid is 

sufficiently high. Since this is not always feasible, an alternative option would therefore be 
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the introduction of effective gas hydrate saturations that are based on typical gas hydrate 

saturation distributions in natural sediments. The value of the effective gas hydrate saturation 

would mainly be determined by low-saturation flow paths and is expected to be smaller than 

the average gas hydrate saturation. This smaller value would counteract the effect of the 

supposedly more accurate larger exponents in the permeability equation to some extent. 

Experimental results and model parametrizations presented in this study can be used to derive 

effective permeability models including the knowledge available for a particular setting and 

help to evaluate uncertainties in model upscaling and reservoir prediction. Moreover, our 

optimized permeability equations can also help in interpreting and predicting the patchiness 

of natural gas hydrate accumulations, the formation and evolution of fluid migration 

pathways, such as seismic pipes and chimneys, in the gas hydrate stability zone and of cold 

seeps as their surface expressions. These studies have rarely applied any feedback of gas 

hydrates directly on permeability. 

7 Conclusions 

We have designed an experimental set-up that allowed us to determine the water 

permeability in CH4-hydrate-bearing quartz sand with known gas hydrate saturation and 

distribution. To avoid the less prevalent grain-coating growth habit, gas hydrates were formed 

from a methane-saturated aqueous solution. Three-dimensional time-dependent maps of gas 

hydrate saturations were constructed from MRIs of the sample volume and fed into FEM 

simulations for a detailed and elaborate evaluation of the occurring flow obstructions. It was 

shown, that the gas hydrate formation was spatially inhomogeneous and required a full 3-D 

modeling of the flow field. We compared five widely-used permeability equations for their 

capability to reproduce the experimental results: the pore-filling Kozeny grain equation, the 

van Genuchten/Parker equation, the Civan equation, the modified Stone equation and the 

CMG Stars equation. All equations of the general form k ~ k0 (1-SH)
n
  with n as fitting 

parameter were able to reproduce the experimental data equally well. The van 

Genuchten/Parker equation, which does not contain this specific term, produced an inferior 

result in matching the experimental data. Our findings indicate that (1-SH)
n
 is the governing 

factor in the suitable permeability equations, and that the most basic permeability equation 

for single-phase water flow through gas hydrate bearing sand is k = k0 (1-SH)
n
. For this 

specific equation, an exponent n = 11.4 ± 0.3 was determined. Since small gas hydrate 

saturations were barely present in the sample and high gas hydrate saturations resulted in an 

efficient blockage of the water flow, the derived parameters are best validated for medium 

gas hydrate saturations of 0.3-0.7. We derived higher equation exponents than most other 

studies, which can be explained by our more detailed knowledge of the spatial and temporal 

distribution of the gas hydrate saturation. We could identify pathways with smaller than 

average gas hydrate saturations that dominate the transport properties. Explicitly including 

those pathways into the data evaluation instead of using average gas hydrate saturations 

results in the need for higher values of n in order to derive the same flow resistance. 
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Table 1. Fit results and standard errors for exponent n in permeability equations initial 

permeability k0 = 33 D) and standard deviation  of the data fit. The parameter n corresponds 

to 2 in the original Civan equation and to 1/n in the original van Genuchten/Parker equation. 

 

Equation Experiment 1 Experiment 2 Average 

    

Kozeny grain                (Eq. 3) 9.9 ± 0.06 10.49 ± 0.05 10.2 ± 0.3 

  MPa   MPa

    

Civan                            (Eq. 6) 7.66 ± 0.06 8.25 ± 0.04  8.0 ± 0.3 

   MPa   MPa 

    

CMG Stars                   (Eq. 8) 10.5 ± 0.06 11.1 ± 0.05 10.8 ± 0.3 

   MPa   MPa 

    

Modified Stone            (Eq. 1,7) 11.1 ± 0.07 11.69 ± 0.06 11.4 ± 0.3 

   MPa   MPa 

    

Modified Stone            (Eq. 7) 10.55 ± 0.06 11.12 ± 0.05 10.8 ± 0.3 

c = 0.1 

 

  MPa   MPa 

van Genuchten/Parker  (Eq. 4) 3.96 ± 0.011 4.13 ± 0.02 4.05 ± 0.09 

 SWir = 0     MPa   MPa 

   

van Genuchten/Parker (Eq. 4) 3.92 ± 0.009 3.97 ± 0.02 3.95 ± 0.03 

SWir = 0.03   MPa   MPa 
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Table 2. Fit results and standard errors for exponent n with variable permeability k0 and 

standard deviation  of regression. The parameter n corresponds to 2 in the original Civan 

equation and to 1/n in the original van Genuchten/Parker equation. 

 

Equation Parameter Experiment 1 Experiment 2 Average 

     

Kozeny grain                (Eq. 3) n 9.42 ± 1.31 10.64 ± 1.33 10.0 ±0.93 

k0 (10
-11

 m
2
) 2.1 ± 2.7  3.9 ± 5  3.0 ±2.8  

 MPa 0.17  0.36  

     

Civan                            (Eq. 6) n 8.35 ± 7.26 8.57 ± 1.08 8.5 ±3.67 

k0 (10
-11

 m
2
) 6.9 ± 53.2  5.1 ± 6.9  6.0 ±26.8  

 MPa 0.18  0.35  

     

CMG Stars                   (Eq. 8) n 9.39 ± 1.31 10.54 ± 1.31 10.0 ±0.93 

k0 (10
-11

 m
2
) 1.1 ± 1.5  2.0 ± 2.5  1.6 ±1.4  

 MPa 0.17  0.36  

     

Modified Stone            (Eq. 1) n 9.72 ± 1.34 10.96 ± 1.31 10.3 ±0.94 

k0 (10
-11

 m
2
) 0.9 ± 1.2   1.7 ± 2.1  1.3 ±1.2  

 MPa 0.17  0.36  

     

Modified Stone            (Eq. 7) n 9.06 ± 1.26 10.18 ± 1.3 9.6 ±0.91 

c = 0.1 k0 (10
-11

 m
2
) 0.7 ± 1  1.3 ± 1.7  1.0 ±1.0 

  MPa 0.17  0.37  

     

van Genuchten/Parker  (Eq. 4) n 4.08 ± 0.12 5.33 ± 1.53 4.7 ±0.77 

SWir = 0 k0 (10
-11

 m
2
) 6.0 ± 3.2  51 ± 145  28.5 ±72.5  

  MPa 0.17  0.36  

     

van Genuchten/Parker (Eq. 4) n 4.02 ± 0.07 4.68 ± 0.82 4.4 ±0.41 

SWir = 0.03 k0 (10
-11

 m
2
) 7.4 ± 2.9  22.7 ± 43.4  15.1 ±21.7   

  MPa 0.17  0.36  
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Figure 1. Determination of initial permeability: Pressure difference across a sample volume 

filled with either pure water or sand and water. At zero flow, the pressure difference 

corresponds to the static pressure that is induced by the weight of the overlaying sediment 

and water. Due to the higher density of sand compared to water, it is lower when the sample 

cell is filled with water only. 
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Figure 2. Sample geometry: The sample consisted of a 120 mm long sapphire tube with 12 

mm diameter and end caps with a conical interior. Filters and a sponge were included to 

protect inflow and outflow capillaries. The sketch is not to scale. A blue rectangle close to the 

inflow indicates the volume where time resolved gas hydrate saturation maps were measured 

and modeled. b) Modeled sample geometry. The location of this section corresponds to the 

blue rectangle in a). Shown is the model mesh and a slice of the implemented gas hydrate 

saturation. The gas hydrate saturation was derived from the experimental data that is 

presented in Figure 4 d). 
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Figure 3. Measured pressure difference between the pressure sensors downstream and 

upstream of the sample cell during gas hydrate formation in a quartz sand matrix: a) 

Experiment 1, b) Experiment 2. The experiments were automatically terminated when the 

upstream pressure exceeded 15 MPa. 
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Figure 4. Experiment 1: Time-series of the spatial distribution of gas hydrate saturations in a 

central slice of the imaged sample volume. The flow direction of the CH4-saturated water is 

indicated by the arrow. The image planes are xz planes, image size is 1.2 ×1.2 cm
2
, image 

resolution is 0.94 x 1 mm
2
 and the slice thickness is 0.4 mm. The images correspond to times 

a) 42 min, b) 49 min, c) 53 min and d) 68 min after the start of the experiment. Image d) 

shows the final gas hydrate saturation. 
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Figure 5. Experiment 2: Time-series of the spatial distribution of gas hydrate saturations in a 

central slice of the imaged sample volume. The flow direction of the CH4-saturated water is 

indicated by the arrow. The image planes are yz planes, image size is 1.2 ×1.2 cm
2
,image 

resolution is 0.47 x 0.4 mm
2
and the slice thickness is 1 mm.  The images correspond to times 

a) 214 min, b) 223 min, c) 233 min and d) 244 min after the start of the experiment. Image d) 

shows the final gas hydrate saturation. 
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Figure 6. Projected planes of maximum gas hydrate saturation in the xy plane perpendicular 

to the flow direction at the end of a) Experiment 1 and b) Experiment 2. The image size is 1.2 

×1.2 cm
2
 and image resolution is 0.04 x 0.1 cm

2
. Experiments were aborted at the same final 

upstream pressure of 15 MPa, but had different downstream pressures. Thus, the final 

pressure difference was higher in Experiment 2, resulting in higher gas hydrate saturations. 
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Figure 7. Changes in pressure difference due to gas hydrate formation during the final 15 

minutes of a) Experiment 1 and b) Experiment 2. Squares: observed changes in mean 

pressure difference (averaged over the acquisition of a gas hydrate map, error bars indicate 

the standard deviation resulting from the time averaging procedure). Lines: simulated 

changes in pressure difference from optimized permeability equations (Tab. 1). 
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Figure 8. Water permeability as a function of gas hydrate saturation. The curves for the 

different permeability equations were calculated using the parameter values listed in Table 1. 

The modified Stone equation is used with c=0 and the van Genuchten equation with SirW = 

0. 

 

 

 

 

 




