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ABSTRACT 

Water permeability values for hydrate-bearing sandstone cores are presented and compared 

with existing theoretical flow models for water through hydrate-filled sediments. 

Differential pressure has been measured from constant flow injection of brine into Bentheim 

sandstone cores presaturated with methane hydrate and the permeability is calculated based 

on Darcy’s law. Initial water saturation prior to hydrate formation has been ranging between 

0.72 and 0.95, aimed at mimicking the natural hydrate growth process from dissolved 

methane in water and keeping the potential final gas saturation low and immobile. The 

results show that the permeability is decreasing towards zero at a hydrate saturation of 

around 0.50 when hydrate formation has been initiated with some free gas (approximately 

0.20-0.30) in the core. In this case, the growth process is believed to start at the gas/water 

interface that exists throughout the pore network. Hydrate formation from a completely 

water saturated core resulted in a hydrate saturation of only 0.19 but the corresponding 

permeability was nearly zero. Heterogeneous hydrate growth at the end surfaces of the core 

is assumed to account for this observation. Theoretical permeability models are also 

reviewed and compared with the findings of this study. Accurate predictions of water 

permeability in hydrate sediments are important to assess production of methane gas from 

hydrate deposits. The presented permeability values can be used to calibrate reservoir 

simulators and will enhance the knowledge of flow potential in hydrate reservoirs. 

INTRODUCTION 

Natural gas hydrates are one promising energy resource that can contribute to the world’s 

future energy demand, acting as a gap between conventional fossil fuels (coal and oil) and 

completely renewable energy sources. Production of hydrates yields methane gas which has 

a low carbon footprint compared to coal and oil, and one proposed production method gives 

an additional environmental effect by allowing injected CO2 to be stored in the formation as 

methane gas is harvested [1]. The energy potential is huge as even extraction of only the 

most promising hydrate deposits (arctic sandstones under existing infrastructure) will give 

10’s of TCF surplus of methane gas to the global energy market [2]. 
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As with production of conventional gas and oil, mining of methane hydrates rely on 

sufficient permeability to permit flow of liberated gas and water. Gas hydrates are also of 

interest as a sealing mechanism related to CO2 storage in saline aquifers [3]. In either way, 

knowledge of permeability alteration in response to hydrate saturation is important to assess 

the potential of production or sealing. 

Some experimental studies have previously been published on permeability in hydrate-

saturated porous media: effective gas permeability measurements [4-9], effective water 

permeability measurements [7, 10-12], and two-phase flow [13-15]. Noticeable differences 

in relative permeability to water (krw ≈ 0.1 at SH = 0.45 and residual gas [11], krw ≈ 0.02 at 

SH =0.09 and residual gas [10], and krw ≈ 0.004 at SH = 0.07 and residual gas [15]), shows 

the importance of phase distribution on permeability and that extensive permeability 

measurements are needed to calibrate permeability models.  

This study is a continuation of the work presented in Almenningen et al. [9] where effective 

permeability to gas was measured in sandstone containing hydrate and immobile water. A 

critical gas saturation of 0.34-0.38 was identified where the gas permeability dropped from 

mD to µD range (SH ranging from 0.37 to 0.61). Effective permeability to water has been 

measured in this study for the same range of hydrate saturation and with immobile gas. The 

aim of this experimental work is to identify the equivalent critical saturation of water and 

also to provide experimental values needed to validate permeability correlations. 

Review of Permeability Models 

A comprehensive review of permeability models applicable to hydrate-saturated porous 

media is previously given by Kleinberg et al. [12]. This section will provide a to-the-point 

overview of available permeability correlations mainly built on the work provided by 

Kleinberg et al. [12]. The models are later used to evaluate the permeability values found in 

this experimental study. 

One of the simplest way to model flow through porous media is by assuming that flow 

conduits consist of straight cylindrical channels with constant cross-sectional area. The 

Poiseuille’s equation describes flow through circular tubes and the permeability of a media 

consisting of n tubes becomes: 

                                                             𝑘 =
𝑛𝜋𝑟4

8𝐴
=

𝛷𝑟2

8
,     (1) 

where r [m] is the radius of the tubes, A [m2] is the cross-sectional area of the media and Φ 

[fraction] is the porosity of the media. The reduction in permeability with hydrate saturation 

will then depend on how the hydrate distributes within the pores. If hydrate coats the 

cylindrical walls with a uniform layer the permeability reduces to: 



SCA2017-096          Page 3 of 9 

 

                               𝑘 =
𝜙𝑟2(1−𝑆𝐻)2

8
 =>   𝑘𝑟𝑤 = (1 − 𝑆𝐻)2,    (2) 

where SH [fraction] is the hydrate saturation and krw [fraction] is the relative permeability to 

water. If hydrate is located in the center of the cylindrical pores and grows radially outwards, 

the permeability relation becomes: 

                     𝑘 =
𝜙𝑟2

8
(1 − 𝑆𝐻

2 −
(1−𝑆𝐻)2

log(
1

𝑆𝐻
0.5)

)  => 𝑘𝑟𝑤 = 1 − 𝑆𝐻
2 +

2(1−𝑆𝐻)2

𝑙𝑜𝑔𝑆𝐻
.  (3) 

These permeability correlations for grain-coating and pore-filling hydrate growth are 

rigorous but lack realism in their assumptions. The pore network of authentic rocks consists 

of tortuous channels where the actual flow path is longer than the length of the medium. 

Pores are also varying in size and shape, and the wetting properties of the solid grains will 

influence on where hydrate forms in the pore space. Kleinberg et al. [12] tried to derive more 

realistic permeability relations, starting from a Kozeny equation of permeability and 

introducing the relation between saturation changes and electrical properties from the work 

of Hearst et al. [16] and Spangenberg [17]. The relative permeability of water, when hydrate 

coats grains, becomes: 

                                                         𝑘𝑟𝑤 = (1 − 𝑆𝐻)𝑛+1,     (4) 

and for hydrate growing in the center of pores, the relative permeability becomes: 

                                                           𝑘𝑟𝑤 =
(1−𝑆𝐻)𝑛+2

(1+𝑆𝐻
0.5)

2 ,     (5) 

where n is the saturation exponent from Archie’s relations. This exponent is not easy to 

obtain as it will change during hydrate growth [17], and the derivation of the equations is 

also neglecting the change in the cementation exponent m during hydrate growth. A 

generalization of Equation 2 that is widely used to compare with experimental data originates 

from Masuda et al. [18]: 

                                                         𝑘𝑟𝑤 = (1 − 𝑆𝐻)𝑁,     (6) 

where N acts as a fitting parameter. Masuda et al. [18] chose N = 10 and 15 to account for 

hydrate growth in pore throats, but a variety of values have been found by fitting the equation 

to experimental data: N = 3-5 [4], N = 8-9 [5], N = 7.7-9.4 [19], and N = 38 [10]. 

Another permeability relation that is also based on a Kozeny equation, and that is developed 

by modelling of a 2D pore network containing different hydrate distributions, is [20]: 
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                                                           𝑘𝑟𝑤 =
(1−𝑆𝐻)3

(1+2𝑆𝐻)2.     (7) 

This equation takes into account the change in tortuosity and specific surface area due to 

hydrate formation. 

The reservoir simulator TOUGH+HYDRATE v1.5 reduces the absolute permeability during 

hydrate growth according to the reduction in porosity and the user can then choose from 

many different relative permeability correlations, such as Corey’s [21] and Grant’s curves 

[22]. The absolute permeability reduction is given by: 

     
𝑘

𝑘0
= (

𝜙−𝜙𝑐

𝜙0−𝜙𝑐
)

𝑛

,     (8) 

where the subscript 0 denotes reference state and Φc is a non-zero critical porosity where the 

permeability k is zero. The exponent n is reported to be in the range from 2 to 3 but can also 

be as large as n = 10 or more, depending on how hydrate grows in the pore space (Moridis 

and Pruess [23], and references therein). 

Equations 2-7 are applicable if hydrate forms from water saturated with methane gas (one 

phase, two components). If a gas phase is present after hydrate formation, two-phase flow 

models should be applied to model the relative permeability of water and gas under the 

influence of solid hydrates. Equations 2-7 can nonetheless be used for water flow if the 

residual gas present after hydrate formation is assumed immobile. However, the measured 

water permeability will then be expected to be lower than predicted by Equations 2-7 because 

of the extra flow restriction offered by the stationary gas phase. 

EXPERIMENTAL PROCEDURE 

Cylindrical Bentheim sandstone cores (length ≈ 15 cm and diameter ≈ 5 cm) were used as 

porous medium. They have fairly constant porosity and absolute permeability of 0.22-0.24 

and 0.9-1.1 D, respectively. Every core was saturated to a predefined value (ranging from 

0.72 to 0.95) with brine and then mounted into the rubber sleeve inside the core holder. 

Salinity values of 0.1, 1.0, 2.0, 2.5, 3.0, 3.5 and 4.0 wt% NaCl were used to customize the 

final hydrate saturation. All pump lines and tubes were purged under vacuum before filling 

the pump with methane gas (>99.5%). The core was pressurized to 8.3 MPa from both ends 

and the overburden pressure was applied to the sleeve by pressurized oil (3 MPa above pore 

pressure). Hydrate formation was initiated by circulation of antifreeze through a cooling 

jacket that surrounds the core holder and that reduced the temperature to a constant 4°C for 

all tests. Hydrate growth was finalized when the consumption of methane gas stopped, and 

permeability measurements were performed by injecting brine (same salinity as the initial 

brine saturating the core) from one side of the core. Another pump containing the same brine 



SCA2017-096          Page 5 of 9 

 

was connected to the other side of the core and was set to hold a constant pressure of 8.3 

MPa. Differential pressure was monitored and recorded as the pressure drop stabilized across 

the core during constant volume rate injection. The permeability of each hydrate-saturated 

core was calculated by Darcy’s law. Temperature sensors placed at the inlet and outlet core 

ends were used to monitor the temperature evolution during injection. The injected water 

was not pre-cooled, but low injection rates (< 0.03 mL/min) assured no temperature increase 

and corresponding hydrate dissociation during permeability measurements. The reader is 

referred to Almenningen et al. [9] for details of the experimental set-up. 

 

RESULTS AND DISCUSSION 

A total of nine flow experiments were conducted to investigate the water permeability of 

hydrate-saturated sandstone cores. High initial brine saturations varying between 0.72 and 

0.95, together with salinities ranging between 0.1 and 4.0 wt% NaCl, resulted in final hydrate 

saturations between 0.19 and 0.60 (Table 1). The residual gas saturation after hydrate 

formation did not exceed 0.18 and the gas phase was considered immobile during water 

flow. No produced methane gas was observed in the production pump for all experiments. 

The water permeability followed an increasing trend with increasing water saturation but 

remained low for all saturations of water (Figure 1). The maximum permeability was 

observed to be in the order of 100-200 µD at the highest water saturation of approximately 

0.55, which corresponds to a relative permeability in the order of 0.0001. This shows the 

major impact of hydrates on permeability and is also reflected in the critical water saturation 

where permeability dropped to zero. Measurable permeability values were not obtained at 

water saturations lower than 0.40, while the critical water saturation for regular two phase 

flow (water and gas) is lower than 0.20 for Bentheim sandstone [24]. 

The objective to create hydrate from one phase (dissolved methane in water) by saturating 

the cores completely with brine was not achieved. Upon cooling of the core, no injection of 

gas followed as it would do during hydrate growth due to up-concentration of gas in the 

hydrate phase. The best attempt of creating hydrate from high initial brine saturation was 

accomplished during experiment 2 (Swi = 0.95). However, the final hydrate saturation 

became only 0.19 as hydrate growth initiated at the gas/water interface in both core ends. 

Further growth diminished when the solid hydrate film blocked for methane transport 

inwards in the core into the water phase. Consequently, the resulting permeability became 

close to zero despite the low hydrate saturation. The possibility of additional hydrate 

formation from dissolved methane inside the core cannot be ruled out as the experiment was 

conducted without in situ monitoring and information about growth characteristics relied 

solemnly on pressure communication with the pump. 
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Permeability measurements have traditionally been used in conjunction with ultrasonic and 

electrical measurements to estimate hydrate growth habit. Either pore-filling or pore-coating 

growth are suggested by comparing experimental values to the predictions of Equations 3 

(or 5) and 2 (or 4), respectively. Some studies indicate pore-filling hydrate growth [5, 7, 12, 

15], while other point to a shift from pore-coating to pore-filling hydrate growth as the 

hydrate saturation reaches a certain value [4, 11]. A hybrid modelling approach has also been 

developed which consists of a weighted combination of Equations 4 and 5 [25]. The 

permeability measured in this study is not comparable to the predictions of Equations 2-5 

nor 7. Only Equations 6 and 8 can match the experimental values; with N = 14 and n = 7, 

respectively, giving the best fit (Figure 2). The findings imply that the assumption of either 

pore-filling or pore-coating hydrate growth is too simplistic and that the permeability 

evolution is highly influenced by heterogeneous growth. Hydrate occupying pore throats 

close to the core ends may explain the observed low permeability in this study. Building of 

permeability correlations should therefore be assisted with in situ monitoring of hydrate 

distribution to account for effects originating from different preparation methods and 

experimental procedures. 

CONCLUSIONS 

Effective permeability to water was measured for nine cylindrical sandstone cores filled with 

methane hydrate saturations ranging between 0.19-0.60 and immobile gas. The effective 

permeability to water was consistently low for all combinations of saturation, decreasing 

from an upper level of 100-200 µD and down to zero permeability at a water saturation of 

approximately 0.40. For comparison, the absolute permeability of the cores was 0.9-1.1 D. 

The measured permeability values were order of magnitudes lower than what was predicted 

by existing permeability correlations with fixed parameters. Only equations containing 

fitting parameters could simulate the experimental results. 
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Table 1. List of all experiments with related saturations and permeability values. Margins of error reflect 

equipment uncertainties. 

Experiment 

ID 

 

Swi 

±0.01 
Salinity 

[wt% NaCl] 
Swf 

±0.02 

SH  

±0.02 

Sg  

±0.02 

K 

[µD] 

1 0.78 0.1 0.30 0.60 0.10 0 

2 0.95 0.1 0.80 0.19 0.01 1.1 ±0.7 

3 0.80 2.0 0.43 0.47 0.10 17 ±2 

4 0.74 2.5 0.41 0.41 0.18 3.9 ±0.2 

5 0.80 3.0 0.46 0.44 0.10 26 ±3 

6 0.79 3.5 0.55 0.32 0.13 108 ±16 

7 0.80 3.5 0.51 0.37 0.12 62 ±9 

8 0.80 3.5 0.52 0.36 0.12 176 ±37 

9 0.72 4.0 0.35 0.48 0.17 0 
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Figure 1. Water permeability after hydrate formation. Experiment 2 had close to zero permeability, despite 

having a high final water saturation, because of heterogeneous hydrate accumulation at the core ends. Margins 

of error reflect equipment uncertainties. 

 

Figure 2. Comparison between experimentally obtained values of relative permeability to water and theoretical 

permeability values. Experiment 2 has been excluded from the graph because of heterogeneous hydrate growth. 

Only the models of Masuda and TOUGH+HYDRATE predicted permeability values comparable to 

experimental data, with a best fit achieved with N = 14 and n = 7, respectively. 
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