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Characteristics under Varying Pressure 3 
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5 

a Hydrates, Flow Assurance & Phase Equilibria Research Group, Institute of Petroleum Engineering, 6 

Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom 7 

b Skolkovo Institute of Science and Technology, Moscow 143026, Russia 8 

Abstract 9 

In this paper, characteristics of gas permeation through gas hydrate-bearing 10 

sediments were explored under varying differential pressure for three types of 11 

sedimentary core samples, including 100 wt. % silica sand, 95 wt. % silica sand + 5 12 

wt. % montmorillonite clay, and consolidated sandstone using a standard core-13 

holder. Results of the experiments indicate that capillary breakthrough, hydrate-14 

forced heave or agglomeration and also Klinkenberg effect play important roles in 15 

controlling the gas permeation through different porous sediments, depending on the 16 

sediment type and properties such as grain/pore size distribution and degree of 17 

consolidation. It was observed that due to the presence of large pores in 18 

unconsolidated silica sand core samples, the gas flow is dominated at both hydrate-19 

free and hydrate-bearing cases by the capillary breakthrough mechanism rather than 20 

the gas slippage which resulted in direct relationship between the gas permeability 21 

and the differential pressure. This mechanism was also observed to be dominant 22 

while measuring the gas permeability for the hydrate-free sandstone core sample. 23 

For the unconsolidated sand-clay core samples, higher saturation of methane 24 

hydrate led to relatively higher gas permeability due to hydrate-forced heave 25 

phenomenon which pushed the sediment grains apart from each other or hydrate 26 

agglomeration that formed inter-grain pores. Klinkenberg effect became significant 27 

for the hydrate-free sand-clay and hydrate-bearing sandstone core samples; 28 

however, it was not observed to be dominant in the hydrate-bearing sand-clay core 29 

samples due to the hydrate-forced heave and agglomeration until the inlet pressure 30 

was sufficiently high. 31 

 32 

 33 

Keywords: Methane Recovery; Gas Permeability; Methane Hydrate; Breakthrough 34 

Capillary Pressure; Hydrate-forced Heave and Agglomeration; Klinkenberg effect.  35 
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1. Introduction 36 

Gas hydrates are ice-like crystalline compounds composed of cages of water 37 

molecules and enclathrated guest molecules (Mehrabian et al., 2018; Sloan Jr, 38 

2003). They form under conditions of high pressure and low temperature. When the 39 

guest molecules are a mixture of the components of natural gas such as methane, 40 

ethane, propane, carbon dioxide, and nitrogen, they are referred to as natural gas 41 

hydrates (Sloan Jr and Koh, 2007). Natural gas hydrates occur in nature under the 42 

subsurface of permafrost regions and in the continental margins of world oceans 43 

(Collett, 1992; Kvenvolden, 1988; Max and Johnson, 2018). Due to its overwhelming 44 

abundance in nature, gas hydrate is regarded as a potential future source of low 45 

carbon energy as the global energy system is being decarbonized gradually. This 46 

has elicited tremendous research effort towards the development of commercially 47 

viable and environmentally safe production techniques (Hassanpouryouzband et al., 48 

2018a). Three major techniques have been proposed, namely, depressurization, 49 

thermal stimulation, and chemical inhibitor injection (Holder et al., 1984; Waite et al., 50 

2009). Depressurisation induces hydrate dissociation by reducing the system 51 

pressure below the hydrate stability pressure at the prevailing reservoir temperature. 52 

Thermal stimulation introduces external heat to shift the system temperature away 53 

from equilibrium thus decompose hydrate. The external heat source can be hot 54 

water, steam, hot brine or an electromagnetic heat source (Castaldi et al., 2007; 55 

Fitzgerald and Castaldi, 2013; Linga et al., 2009a, 2009b; Nakoryakov et al., 2013; 56 

Schicks et al., 2013). Injection of chemicals such as glycols and methanol alters the 57 

hydrate equilibrium chemically to dissociate hydrate. Combination of any two of the 58 

mentioned techniques has also been shown to improve gas recovery efficiency. The 59 

most characterised is thermal stimulation combined with depressurisation (Falser et 60 

al., 2012; Li et al., 2014; Loh et al., 2014; Sakamoto et al., 2010). CO2 or CO2-mixed 61 

injection technique can also be utilized for methane recovery based on CO2-CH4 62 

exchange (Kang et al., 2014; Masuda et al., 2011; Ohgaki et al., 1996; Schoderbek 63 

et al., 2012) and chemical potential shift (Hassanpouryouzband et al., 2018b, 2018a, 64 

2017; Kang et al., 2012; Okwananke et al., 2018) and for geological carbon capture 65 

and storage (Hassanpouryouzband et al., 2019a; Yang et al., 2017). Moreover, 66 

direct injection of flue gas in permafrost region for CO2 storage and secondary 67 

sealing of CH4 release into atmosphere through formation of a gas hydrate layer has 68 

been proposed (Hassanpouryouzband et al., 2019b). Natural gas hydrate 69 

exploitation by CO2/H2 injection is also considered as another promising technique, 70 

in which the role of H2 is to decrease the partial pressure of methane and break 71 

methane hydrate stability (Sun et al., 2018; Wang et al., 2017). 72 

Apart from flow assurance considerations, particularly avoidance of hydrate 73 

reformation in the downhole separation systems (Fu et al., 2019, 2018), the 74 

efficiency of gas production from sediments strongly depends on the permeability of 75 

hydrate deposits (Waite et al., 2009). The permeability of hydrate-bearing porous 76 

media differs markedly from that of non-hydrate-bearing porous media. In general, 77 
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permeability of hydrate-bearing sediments is reduced due to the presence of gas 78 

hydrate in pores. The permeability change is complicated as it is affected by a 79 

number of geological formation factors such as hydrate saturation, porosity, and 80 

sediment mineralogy (Moridis et al., 2009; Nimblett and Ruppel, 2003). In particular, 81 

the extent of permeability reduction depends on the hydrate formation sites in the 82 

porous media. Empirical modelling of permeability showed that, if hydrates form on 83 

the surfaces of grains, the reduction in permeability is gradual and minimal, 84 

therefore, the effect on fluid flow is also minimal. If hydrates form in the middle of the 85 

pores, permeability reduction is pronounced, and even reduces to zero if the pore 86 

bodies are completely blocked (Kleinberg et al., 2003). Also, permeability in the 87 

presence of hydrate changes as hydrate dissociates. This change impacts directly 88 

on pressure communication, fluid flow and ultimately, gas production from hydrate-89 

bearing sediments. Recently, a critical path analysis (CPA) was conducted by Daigle 90 

to predict permeability to either water or gas over the entire range of the measured 91 

hydrate saturation (Daigle, 2016). It was showed that CPA can appropriately 92 

assisted for determination of permeability in hydrate-bearing sediments. However, 93 

permeability and relative permeability in gas hydrate-bearing sediments are still 94 

peculiar properties which is imperative to be studied.  95 

Permeability measurements using natural core samples in in-situ conditions from 96 

hydrate-bearing sediments is often costly and difficult to achieve (Kneafsey et al., 97 

2011; Waite et al., 2009). Pressure coring helps to maintain the samples at near in-98 

situ conditions but does not completely eliminate sample disturbance during coring 99 

(Dickens et al., 1995). Also, creep and diffusion processes may cause hydrate re-100 

distribution and change physical properties of the cores when pressure cores are 101 

stored for a long time (Waite et al., 2009). Laboratory synthesis of artificial hydrate 102 

cores is therefore, a viable alternative for permeability measurements and studies. It 103 

has the flexibility of synthesising hydrates with characteristics of interest such as 104 

hydrate saturations and preparation processes despite differences in pore-scale 105 

growth habits, time scales of hydrate formation, and spatial distribution (Yang et al., 106 

2008). Further discussion in this regard can be found elsewhere (Choi et al., 2014; 107 

Long et al., 2009). It should be noted that controlled synthesis of methane hydrate-108 

bearing sediments in laboratory, particularly in a way it forms in nature, has always 109 

been a challenge due to low solubility of methane in water (Choi et al., 2014). As a 110 

result, hydrate formation from methane gas dissolved in water is a slow process. 111 

Hence, more expedient techniques are usually followed in laboratory such as 112 

dissolved gas method, partial water saturation method, ice-seeding method, and 113 

hydrate premixing method (Waite et al., 2009). Each method could result in different 114 

pore-scale habits and different permeation characteristics accordingly (Spangenberg 115 

et al., 2005). Nevertheless, the partial water saturation method followed in this work 116 

has shown to be fast and reliable enough to make homogeneous synthetic gas 117 

hydrate-bearing sediments at desired saturations (Hassanpouryouzband et al., 118 

2019b, 2018a, 2018b, Yang et al., 2019, 2017). 119 

 120 
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Given the significance of permeability change and the importance of its predictability 121 

in the successful exploitation of natural gas hydrate reservoirs, researchers 122 

attempted to understand gas permeation mechanisms in hydrate-bearing sediments 123 

using different porous media including glass beads, sand, and clay. Kumar et al. 124 

experimentally determined gas permeability of packed glass beads with varying 125 

saturation of CO2 hydrate (Kumar et al., 2010). Their results were compared with the 126 

theoretical estimates of Kozeny grain models (Kleinberg et al., 2003) for grain 127 

coating and pore filling permeability models. They observed that for hydrate 128 

saturations less than 35%, the measured permeability values agree better with the 129 

grain coating model. On the other hand, for hydrate saturations greater than 35%, 130 

the measured permeability values agree better with pore filling models. Kneafsey et 131 

al. measured gas permeability with a core holder for dry, moist, frozen, and hydrate-132 

bearing sediments composed of sand and sand/silt mixtures (Kneafsey et al., 2011). 133 

They reported that permeability reduced in an order of dry sediments, moist 134 

sediments, frozen sediments, and that increase in hydrate saturation resulted in 135 

decrease in the permeability of hydrate-bearing sediments. In their water flood 136 

experiments, it was observed that water flood was not possible for the sand and 137 

sand/silt sediments with the highest hydrate saturation due to extremely low 138 

permeability. Delli and Grozic  conducted a series of water relative permeability 139 

measurements using a triaxial cell (Delli and Grozic, 2014). They formed CO2 140 

hydrate of saturations up to 45% in Ottawa sand. Their results indicated a gradual 141 

reduction in the permeability as hydrate saturation increased, suggesting that 142 

hydrate grows in the pore bodies. They developed a hybrid model using a weighted 143 

combination of the Kozeny grain-coating and pore-filling models (Scheidegger, 144 

1958). They compared their hybrid model alongside existing theoretical permeability 145 

models with the experimental results. Their hybrid model gave closer values to the 146 

experimental permeability. Li et al. measured the absolute and water effective 147 

permeability of methane hydrate-bearing quartz sand cores with hydrate saturations 148 

ranging from 0-31% pore volume at a constant pore pressure of 15 MPa (Li et al., 149 

2017). They used three different grain size ranges of quartz sand of 200-300, 300-150 

450, and 450-600 µm, respectively. Their calculated absolute permeability was 151 

significantly higher in the quartz sand with the high grain size. Also, the water 152 

effective permeability reduced as the methane hydrate saturation increased. In the 153 

hydrate-bearing cores, the measured permeability characteristics for hydrate 154 

saturations lower than 10% and higher than 10% differs. Permeability reduction due 155 

to increase in hydrate saturation was very significant for the hydrate-bearing sand 156 

packs with less than 10% hydrate and became much smaller  for those with hydrate 157 

saturation above 10%.  158 

Permeability measurement techniques for hydrate bearing sediments have evolved 159 

from steady-state gas or water flow to the use of nuclear magnetic resonance (NMR) 160 

and X-Ray computed tomography (CT). Kneafsey et al. performed gas permeability 161 

measurements on partially saturated sand packs under confining stress using CT 162 

scanning (Kneafsey et al., 2011). It was observed gas permeation processes are 163 

spatially dependent. They reported decreasing effective permeability as the pore 164 
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spaces in the samples became increasingly occupied by gas hydrate. Recently, 165 

percolation characteristics of gas hydrate-bearing sediments were comprehensively 166 

studied via combining pore network models (PNM) with micro-CT imaging (J.-Q. 167 

Wang et al., 2015; J. Wang et al., 2015; Wang et al., 2018, 2016). They extracted 168 

the pore network models from the processed 3D micro-CT images taken from 169 

laboratory-formed methane hydrate sediments, performed numerical simulations and 170 

investigated the effect of hydrate saturation, wettability, interfacial tension, and 171 

particle size on the permeability. These studies confirmed that obtaining a realistic 172 

structure of hydrate-bearing sediments from micro-CT imaging into pore network 173 

model substantially improves the accuracy of the simulations. Chen et al. also used 174 

micro-CT for monitoring hydrate growth in a sandpack under the excess gas 175 

condition (Chen et al., 2018). They also performed Lattice Boltzmann Method (LBM) 176 

for pore-scale determination of gas relative permeability as a function of hydrate 177 

saturation. Kleinberg et al. used NMR to study hydrate formation, hydrate growth, 178 

and its effect on the relative permeability of water (Kleinberg et al., 2003). They 179 

reported that at substantial hydrate saturation, NMR relaxation time measurements 180 

showed that hydrate preferentially replaced water in the largest pores rather than 181 

coating grain surfaces. The relative permeability to water reduced significantly. The 182 

extent of the reduction agreed with hydrate formation in pore bodies rather than on 183 

grain surfaces.  184 

A few studies on permeability of hydrate-bearing sediments were reported for clayey 185 

sediments. Liu et al. investigated the dependence of gas permeability on methane 186 

hydrate-bearing kaolin in the presence of different saturations of hydrate under 187 

effective axial stress of 1 MPa and 3 MPa (Liu et al., 2016). Ice-seeding method was 188 

used to form hydrate. They observed that with increasing hydrate saturation, gas 189 

permeability decreases when the hydrate saturation was less than 4.23% and 190 

increases when hydrate saturation was between 4.23% and 40.46%. The initial 191 

decrease in permeability was attributed to hydrate blockage of flow channels. They 192 

further stated that clay particles form aggregate structures during hydrate formation. 193 

The inter-aggregate spaces provide more conduits for gas flow, hence the increased 194 

permeability at high hydrate saturations. There was a critical hydrate saturation at 195 

which the effect of blockage and clay particle aggregation offset each other. At this 196 

point, the permeability to gas of the hydrate-bearing sediment equals to that of non-197 

hydrate-bearing clayey sediments. Permeability measurement experiments were 198 

conducted with montmorillonite (Wu et al., 2018) and the observed results were 199 

similar to that observed with kaolin by Liu et al. (Liu et al., 2016).  200 

Although great efforts were made to measure permeability of a variety of gas 201 

hydrate-bearing sediments, there is a paucity of information of the mechanisms 202 

behind the observed permeation behaviour aforementioned. Moreover, it is noted 203 

that the experiments reported in literature were all conducted at constant differential 204 

pressures. However, under in-situ conditions in the presence of confining pressure, 205 

fluid flow may not be achieved until the viscous force overcomes capillary sealing. 206 

The capillary sealing can be measured in terms of breakthrough pressure (Smith et 207 

al., 2005) which is the excess pressure of the non-wetting fluid phase at which the 208 
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wetting phase is displaced enough to create a continuous flow path for the non-209 

wetting phase. 210 

In this work, we experimentally explored the characteristics of gas permeation 211 

through three distinctive types of sedimentary cores under varying differential 212 

pressure, including silica sand packs, sand-clay cores, and a consolidated 213 

sandstone core sample. It was aimed at having a deep insight into the permeation-214 

control mechanisms and when these mechanisms become a dominant factor for the 215 

gas flow through different sediments in the absence and presence of gas hydrates. 216 

The first two types of core samples would simulate unconsolidated hydrate-free and 217 

hydrate-bearing sediments. Addition of clay would also give us more insights 218 

regarding the influence of mineralogy and grain size distribution on the gas 219 

permeation characteristics. The effect of degree of consolidation and pore size 220 

distribution on the gas flow and permeability could also be investigated from the 221 

experiments carried on the consolidated sandstone core sample. 222 

 223 

 224 

 225 

 226 

  227 
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2. Experimental Section 228 

2.1. Materials  229 

Research-grade methane with certified purity of 99.995 vol. % was supplied by BOC 230 

Limited. Deionized water was produced by an integral water purification system 231 

(ELGA DV 25). Experiments were conducted on three different types of core 232 

samples: (i) 100 wt. % silica sand (from Fife, Scotland), (ii) 95 wt.% silica sand + 5 233 

wt.% montmorillonite clay (from Sardinia, Italy), and (iii) a consolidated sandstone 234 

core sample (from Elgin, Scotland). The silica sand has a density of 2.64 g/cm3, 235 

particle sizes ranging from 1.2 µm to 600 µm, and a mean diameter of 256.5 µm. 236 

The montmorillonite clay has a density of 2.7 g/cm3, particle sizes ranging from 0.1 237 

to 150 µm, and a mean diameter of 2.1 µm. The consolidated sandstone core 238 

sample has a grain density of 2.55 g/cm3, pore sizes ranging from 0.1 to 300 µm, 239 

and a mean pore size of 66.8 µm. 240 

 241 

2.2. Experimental apparatus 242 

Figure 1 shows a schematic representation of the apparatus used for measuring gas 243 

permeability. The core holder is made up of a cylindrical high-pressure stainless 244 

steel vessel (maximum working pressure: 34.5 MPa) with 4 and 10.8 cm inner and 245 

outer diameters, respectively and a total length of 34 cm. For each end, there is a 246 

threaded stainless steel endcap, having a 1/8 in. diameter hole to serve as a 247 

connection for fluid inlet/outlet. The threads allow for the injected gas to be 248 

distributed to its entire inflow face, and collected from all parts of its outflow face. A 249 

Viton rubber sleeve with inner diameter of 4 cm and length of 19.5 cm is also fitted 250 

inside the vessel in order to appropriately hold the core samples and make a gas-251 

tight seal on the cylindrical walls of the sample when applying a confining pressure. 252 

When placed in the core holder, the sample is connected to the both endcaps. 253 

Moreover, there are two ports provided on the body of the core holder, one midway 254 

through the length of the vessel to apply desired radial confining pressure and the 255 

other, near one end of the vessel to exert axial confining pressure, if needed.  256 

A copper coil is wound around the core holder and connected to a cryostat (Grant 257 

LTC) for the cooling fluid circulation. The core holder is then completely immersed in 258 

a water bath which is insulated to minimize the heat exchange with the environment. 259 

A Quizix pump (SP-5200 Pump System) is also connected to the pressure port at the 260 

middle of the cell through valve V7 to inject confining fluid (water) into the confining 261 

fluid chamber in order to maintain a constant confining pressure.  262 

For a typical permeability measurement experiment, methane is injected from the 263 

source cell into the core sample through the inlet valve V1 and leaves the sample 264 

through the outlet valve V3. It should be noted that methane is pre-cooled to the 265 

temperature of the system by passing through a 2 meter length of 1/8 in. pipe coil  266 

immersed in the water bath before entering the core sample. A back-pressure 267 

regulator connected to the exit line maintains the pore pressure of the sample at the 268 
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set point during permeability measurement. The gas exiting the back-pressure 269 

regulator flows into a gas meter to measure the flow rate at reference conditions of 270 

temperature and pressure under which the gas flow rate is measured, and then is 271 

vented to atmosphere. Two Quartzdyne pressure transducers (QS30K−B, 272 

Quartzdyne Inc., USA) with an accuracy of ±0.005 MPa are used to precisely 273 

measure the inlet and outlet pressures, respectively. A calibrated platinum-274 

resistance thermometer (Pt100, supplied by TC Ltd.) with an accuracy of better than 275 

± 0.1 K is also attached to the body of the vessel to measure the system 276 

temperature. Data from the pressure transducers, the thermometer, and the Quizix 277 

pump are acquired by a data acquisition system (DAS) and recorded on a PC with a 278 

LabVIEW software interface. 279 

 280 

 281 

 282 

Figure 1 Schematic diagram of the experimental setup for permeability measurement: The blue lines 283 

represent cables for electrical communications while the black lines represent conduits for fluid flow. 284 

2.3. Experimental procedure 285 

2.3.1. Hydrate-free core samples 286 

The sediment minerals were firstly dried in an oven at 343 K over 24 hours; then, a 287 

given quantity of which (100 wt. % silica sand or 95 wt. % silica sand + 5 wt. % 288 

montmorillonite) was thoroughly mixed and wetted with 14.3 wt. % of deionized 289 

water to obtain a homogeneous mixture. It should be noted that this is the procedure 290 

we follow to make our synthetic test specimens and the micro-textures of the 291 

sediment grains were visually examined in our previous works using ESEM to make 292 
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sure that particles are well mixed (Yang et al., 2019). The sample was then loaded 293 

into the sleeve in layers, and the desired packing was achieved using a cylindrical 294 

pestle rod. The core sample was placed into the vessel and the endcaps were 295 

positioned to hold the core sample in place and the vessel was immersed in the 296 

water bath and vacuumed.  297 

Both the back-pressure regulator and the pressure regulator on the methane source 298 

cell were set to 3.45 MPa while the inlet and outlet valves (V1 and V3, respectively) 299 

were fully closed to disconnect the core sample from the gas source. Thereafter, the 300 

confining pressure was incrementally applied via the Quizix pump while allowing the 301 

gas injection to the core sample (by opening the inlet valve V1) until the pore 302 

pressure of the system reached 3.45 MPa and the confining pressure was 6.9 MPa. 303 

Throughout the experiments, the confining pressure was maintained at 3.45 MPa 304 

higher than the pore pressure of the system to ensure an appropriate sealing around 305 

the core sample and prevent bypassing of the gas. The inlet and outlet valves were 306 

then fully opened to allow for the gas flow. When steady-state conditions (constant 307 

flow rate and inlet/outlet pressures) were achieved, the gas flow rate measured at 308 

reference pressure (Pr) and temperature (Tr) together with inlet and outlet pressures 309 

were recorded for the calculation of the gas permeability according to Darcy’s 310 

equation (See Eq.(6)). The permeability measurement was then repeated at different 311 

differential pressures by increasing the inlet pressure in steps. It should be noted that 312 

throughout the experiments, the inlet pressure was set sufficiently small to (i) permit 313 

use of the Darcy’s equation for calculation of the gas permeability and (ii) keep water 314 

immobile to have only a single phase (gas) flow in the system. After each 315 

experiment, three samples were taken from the top, middle, and bottom of silica 316 

sand and silica sand-montmorillonite clay core samples and their water content was 317 

measured in order to ensure that water was homogeneously distributed and kept 318 

immobile during the test. 319 

 320 

2.3.2. Hydrate-bearing core samples 321 

The sediment core samples were prepared, packed and loaded to the high-pressure 322 

core holder following the similar procedure described in Section 2.3.1. Permeability 323 

of hydrate-bearing sediments to gas was measured for a series of methane hydrate 324 

saturation. For a typical methane hydrate saturation, while the outlet valve V3 was 325 

shut and the confining pressure kept at 3.45 MPa higher than the pore pressure 326 

using the Quizix pump, methane was injected into the core sample according to the 327 

desired pressure for hydrate formation. The system temperature was then set to 293 328 

K and allowed to equilibrate over 24 hours. When the equilibrium was achieved, the 329 

system temperature was set to 273.7 K to initiate the methane hydrate formation. As 330 

the pore pressure decreased gradually due to the gas consumption for the hydrate 331 

formation, the confining pressure was also adjusted accordingly to maintain the 3.45 332 

MPa pressure difference. This continued until the pressure change became 333 

insignificant signifying the completion of the hydrate formation. Upon the completion 334 

of the hydrate formation, the back-pressure regulator was set to 3.45 MPa to 335 
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maintain the constant pore pressure. For pore pressure in excess of 3.45 MPa after 336 

the hydrate formation, the excess gas was vented, and for pore pressure less than 337 

3.45 MPa, gas was injected from the methane source cell. This ensured that the 338 

pore pressure was well above the methane hydrate equilibrium phase boundary at 339 

273.7 K at which no hydrate dissociation occurred (See Appendix A). Afterwards, the 340 

inlet pressure was set to 3.45 MPa with the aid of the regulator on the methane 341 

source cell. The inlet and outlet valves were then closed to allow the system to attain 342 

pressure equilibrium. After the equilibrium was attained, both valves were fully 343 

opened for the gas flow through the core sample. When the steady state conditions 344 

were achieved, the gas flow rate was measured at Pr and Tr. The inlet and outlet 345 

pressures were also recorded for the calculation of the gas permeability according to 346 

Darcy’s equation. Then, the inlet pressure was increased to measure the core 347 

sample permeability to gas at different differential pressures. The differential 348 

pressure exerted on the samples were also small enough to allow for use of Darcy’s 349 

equation while keeping water phase in the system immobile and more importantly 350 

preventing hydrate formation/dissociation during the experiments. 351 

2.4. Calculation of the saturations and permeability 352 

The saturations of gas hydrate, water, and gas was calculated based on the real gas 353 

equation of state:  354 

�� = ���� (1) 

where P, T, and V denote the pore pressure, system temperature, and gas volume, 355 

respectively. Z and n are the compressibility factor and the number of moles of 356 

methane gas, respectively. R is the gas constant.  357 

The porosity of specimens was determined by gravimetric method:  358 

� = 1 − ��
��� (2) 

where φ is the porosity, Ms is the mass of the dry specimen, ρs is the average grain 359 

density of the sediment (i.e. a sum of the product of the weight fraction and the 360 

density of each mineral component), and Vb is the bulk volume of the specimen. 361 

After completion of the methane hydrate formation, the saturation of the methane 362 

hydrate, water, and gas were calculated using below equations: 363 

�� = ��
�� =

� ���������
− ��
���� ������ +�����

����  (3) 

�� = ��
�� =

��� − � ���������
− ��
����

������ 	
��  (4) 

� = 1 − �� − �� (5) 

in which Sh, Sw, and Sg represent hydrate saturation, water saturation, and gas 364 

saturation, respectively. Vh and Vp are the methane hydrate volume and pore 365 

volume, respectively. MWCH4 and MWw are the molecular weight of methane and 366 
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water, respectively (MWCH4 = 16.04 g/mol and MWw = 18.01 g/mol) and mCH4 is the 367 

mass of the injected methane. γ is the hydration number and ρh is the bulk density of 368 

the methane hydrate (γ ≅ 6.0 and ρh  ≅ 0.92 g/cm3) (Sloan Jr and Koh, 2007). Vw and 369 

Vw0 represent the water volume after and prior to the hydrate formation, respectively 370 

and ρw is the density of water, 1.0 g/cm3. 371 

The gas permeability was calculated using Darcy’s equation (RP40, 1998): 372 

! = 2#�$%$�&
�$'()�*+ − �,+- (6) 

where kg is the permeability of the core sample to gas and Pi, Po, and Pr, stand for 373 

inlet pressure, outlet pressure, and the reference pressure at which the flow rate qr 374 

was measured, respectively. Zr and Zm are the methane compressibility factor at 375 

reference and mean pore pressures, respectively. µ is the gas viscosity and Gf is the 376 

geometric factor which for axial flow could be expressed by:  377 

'( = ./+
41  (7) 

in which L and D are the core length and diameter, respectively. 378 

The permeability of a porous medium to gas depends on the mean free path of the 379 

flowing gas due to gas slippage pointed out by Klinkenberg. As presented by 380 

Klinkenberg, gas permeability measured at several different mean pore pressures 381 

could be extrapolated to infinite mean pore pressure using Eq.(8) to find the 382 

Klinkenberg permeability, k∞, which is equal to the permeability of the medium 383 

obtained by a non-reactive fluid (RP40, 1998): 384 

! = !3 �1 + 4
�&� (8) 

where b is the gas slippage factor and Pm is the mean pore pressure expressed by: 385 

�& = �* + �,
2  (9) 

According to Eq.(8), it is expected for gas permeability to be linearly proportional with 386 

the reciprocal of the mean pore pressure (Klinkenberg, 1941). It should be noted that 387 

the difference between the permeability measured by gas becomes higher than that 388 

measured by a non-reactive fluid when the medium permeability decreases. Further 389 

discussion regarding the gas slippage and Klinkenberg effect can be found 390 

elsewhere (RP40, 1998). 391 

  392 
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3. Results and Discussion 393 

As mentioned before, two types of core samples composed of 100 wt. % silica sand 394 

and 95 wt. % silica sand + 5 wt. % montmorillonite clay were used to simulate 395 

unconsolidated hydrate-free and hydrate-bearing sediments. Addition of 5 wt. % 396 

montmorillonite was to enable us to investigate the effect of sediment mineralogy on 397 

gas flow. The third series of experiments was conducted on a consolidated 398 

sandstone core sample to study the effect of the degree of consolidation and pore 399 

size distribution on gas flow and permeability. Table 1 summarizes the properties 400 

and the initial parameters of the core samples before the permeability 401 

measurements. 402 

 403 

Table 1 Properties and parameters of the sediment core samples 404 

Sedimentary mineral 
Core 

sample 
Initial porosity 

(%) 
Saturation (vol. %) 
Sh Sg Sw 

100 wt. % Silica sand 

1 40.0 0 32.1 67.9 
2 40.3 17.6 42.9 39.5 
3 40.3 22.7 42.5 34.8 
4 40.6 40.3 41.8 17.9 
5 40.3 59.7 39.6 0.7 

95 wt. % Silica sand  
+ 5 wt. % 

Montmorillonite 

6 36.2 0 33.6 66.4 
7 36.2 22.9 30.1 47.0 
8 34.5 28.1 23.8 48.1 
9 36.2 35.0 27.5 37.5 

Consolidated sandstone 
10 18.2 0 45.0 55.0 
11 18.2 15.0 45.0 40.0 
12 18.2 44.0 45.0 11.0 

 405 

3.1. Permeability of silica sand core samples 406 

The sand packs were 155 mm in length and 38.1 mm in diameter. Gas permeability 407 

was measured at five different methane hydrate saturations (Sh): 0, 17.6, 22.7, 40.3, 408 

and 59.7. The measured permeability values are shown in Figure 2.  409 
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(A) 

 

(B) 

Figure 2 Gas permeability of sand packs against the inlet pressure: (A) hydrate-free sand pack, (B) 410 

hydrate-bearing sand pack at different saturations of methane hydrate. As shown, the gas 411 

permeability behaviour is mainly dominated by the breakthrough capillary pressure 412 

In Figure 2-(A), the gas permeability for both hydrate-free and hydrate-bearing 413 

samples increases with the inlet pressure and accordingly mean pore pressure given 414 

that the outlet pressure of the system was maintained at 3.4 MPa, apparently 415 

opposite of what would be expected according to Klinkenberg effect (See Eq.(8)). On 416 

one hand, the silica sand has coarse grains (average size of 256.5 µm), leading to 417 

large intergranular pore spaces in its packs hence the reduced restriction to flow. On 418 

the other hand, Klinkenberg effect is expected to be less influential on the gas 419 

permeability in high-permeable media. Therefore, the measured gas permeability is 420 

weakly affected by Klinkenberg effect. Instead, owing to the dominance of viscous 421 
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forces over the capillary forces on pathways previously filled with water, particularly 422 

those critical narrow ones, more contribution to the gas flow occurs as the inlet 423 

pressure hence the differential pressure increase.  424 

As observed in Figure 2-(B), since methane hydrate forms in the pores, preferably in 425 

the large ones, the restrictions to the fluid flow gradually increases, causing 426 

reduction in the permeability of the medium, which its severity strongly depends on 427 

the pore-scale growth habits of hydrates. This observation is also corroborated by 428 

the differential pressure at gas breakthrough which was 0.151, 0.154 and 0.172 MPa 429 

for 17.6, 22.7 and 40.3 % hydrate saturations, respectively; then, at 59.7 %, the 430 

differential pressure at gas breakthrough was 0.253 MPa confirming the strong 431 

impact of the pore-scale habits of methane hydrate on the permeability of the host 432 

sediment. In fact, pore-scale habits altered from the pore-filling to the cementation at 433 

hydrate saturations higher than 50 %, having two main consequences: 434 

1. When more hydrates form in the pore spaces, the size of the remaining pores 435 

available for the fluid flow becomes smaller, resulting in a higher capillary 436 

sealing hence higher breakthrough pressure to initiate the gas flow. 437 

Therefore, one can conclude that the breakthrough capillary pressure plays a 438 

dominant role in the permeability of the coarse sand packs. 439 

2. At higher hydrates saturations hence lower water saturations, the sand grains 440 

become cemented and consolidated by the hydrates, creating more pore-441 

throats and making channels critically contributing to the gas flow narrower. 442 

Therefore, it would result in Klinkenberg effect to be more influential. This is 443 

confirmed by changes in the slopes of gas permeability values versus the inlet 444 

pressure at different hydrate saturations. 445 

It should be noted that the permeability measurement for 22.7 % methane hydrate 446 

saturation was conducted first with increasing the inlet pressure and then in a 447 

reverse manner with decreasing the inlet pressure. It can be seen from Figure 3 that 448 

the permeability profile in both cases follows identical patterns. This repeatability 449 

evidently supports our assumption that the pore water in the core sample remained 450 

immobile throughout the experiments and its re-distribution does not have 451 

measurable effect on the gas permeability, given that a typical gas velocity is less 452 

than 5 cm/s. Furthermore, it confirms that the inlet pressure was sufficiently set near 453 

HSZ of methane hydrate so that there was no hydrate formation/dissociation, thus 454 

the hydrate saturation did not change during permeability measurement. 455 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 
 

 456 

Figure 3 Gas permeability of sand packs with 22.7 % methane hydrate saturation measured firstly 457 

toward higher inlet pressure and then in a reverse manner. The measured gas permeability trends 458 

have an acceptable agreement with each other, confirming no measurable hydrate 459 

formation/dissociation and water outflow during the experiments. 460 

 461 

3.2. Permeability of silica sand-montmorillonite clay core 462 

samples 463 

In order to investigate the effect of the grain mineralogy and pore size on the gas 464 

permeation, 5 wt. % montmorillonite clay was added to the silica sand. The core 465 

sample dimensions were the same as those of the silica sand core samples.  Gas 466 

permeability was measured at four different methane hydrate saturations of 0, 22.9, 467 

28.1, and 35.0 and the results are indicated in Figure 4. As can be seen, the medium 468 

permeability to the gas is considerably impacted due to the presence of the clay.  469 

As shown in Figure 4-(A), the fine grain particles of the clay (with mean grain size of 470 

2.1 µm) could fill in the large pore spaces and form fine pore-dominated sediments. 471 

As a consequence, the gas permeation behaviour through the sand-clay core 472 

sample is significantly different from those obtained for the silica sand core sample 473 

(See Figure 2-(A)). The silica sand has a large particle size hence large intergranular 474 

and interconnected pore spaces due to higher resistance to compaction. Thus, the 475 

restriction to the gas flow is relatively small and Klinkenberg effect is not influential. 476 

However, for the case of the sand-clay sample, fine clay particles play an important 477 

role in reducing the pore-throat sizes hence highlighting Klinkenberg effect. This can 478 

be simply justified according to the fact that the montmorillonite clay particles in the 479 

large pores of the silica sand form fine channels for the gas flow, which become 480 

more significant, given that montmorillonite clay could swell greatly after absorbing 481 

water because montmorillonite is a strong absorbent of water (Aksu et al., 2015). In 482 
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such fine pores, the gas slippage is expected to occur and the behaviour of the gas 483 

permeability becomes mainly dominated by Klinkenberg effect rather than 484 

breakthrough capillary pressure. Therefore, it can be seen here that the gas 485 

permeability of the sediments decreases as the inlet pressure increases. 486 

Figure 4-(B) shows that the presence of methane hydrate significantly changed the 487 

gas permeation behaviour in the sand-clay core samples. First of all, the permeability 488 

of the hydrate-free sand-clay core sample is up to two orders of magnitude higher 489 

than those with methane hydrate. This is simply understood because gas hydrates 490 

prefer to form in large pore spaces (Priest et al., 2009; Tohidi et al., 2001), therefore, 491 

tend to substantially reduce the pore size, resulting in severe restrictions for the fluid 492 

flow (Minagawa et al., 2008).  493 

Next, it is interesting to observe that the higher saturations of methane hydrate led to 494 

higher gas permeability for the hydrate-bearing sand-clay core samples, which is 495 

apparently in contrast with most of the other works reported in literature. Similar 496 

observation was also reported by Wu et al. (Wu et al., 2018). For the three tests with 497 

a certain saturation of hydrate, after most of the limited large pores were blocked by 498 

hydrate crystals, further more hydrate crystals could act as coarse grains pushing 499 

apart the sediment grains hence enlarging the sediment pores (Waite et al., 2009), a 500 

phenomenon known as hydrate-forced heave. This phenomenon led to the increase 501 

in the sediment porosity and as a consequence, gas permeability as the hydrate 502 

saturation increased (Cook et al., 2008) by altering the pore structures of the 503 

sediments, similar to the clay in soils (Barden et al., 1972). Once the hydrate 504 

saturation becomes above a critical value, agglomeration could be dominant over 505 

pore clogging. The hydrate crystals could aggregate fine clay particles and form 506 

inter-aggregation pores (macro pores) that are considerably larger than the inter-507 

particle pores (micro pores) (Zdravkov et al., 2007). If the above assumptions are 508 

true, it could be anticipated that there should be a critical hydrate saturation for a 509 

specific porous medium according to its grain types and size distribution. When the 510 

hydrate saturation is smaller than it, hydrate formation will significantly reduce the 511 

permeability by clogging pores; once the hydrate saturation becomes higher than 512 

that, hydrate-forced heave or aggregating will dominate the effect on permeability. 513 

This anticipation could also be validated through comparing the gas permeability 514 

behaviour of the hydrate-bearing sand-clay core samples with those of silica sand 515 

samples (See Figure 2-(B)). However, further investigation is required in this regard.  516 

The third particularity is the non-monotonous change of the gas permeability against 517 

the inlet pressure. The gas permeability increased initially, then gradually decreased 518 

after reaching a maximum value as the inlet pressure increased. This observation 519 

may be attributed to two underlying processes. The first possible reason could be 520 

hydrate-forced heave, as discussed before; the growth of hydrate crystals may 521 

slightly push apart sediment grains, enlarging channels for the gas flow, in which the 522 

capillary sealing plays an important role in the permeability. At the beginning, 523 

increase in the inlet pressure broke through more enlarged capillary pores, therefore, 524 
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leading to increase in the gas permeability. As can also be seen in Figure 4-(B), the 525 

breakthrough capillary pressure is lower for the sand-clay core sample with higher 526 

methane hydrate saturation. This is agreeable with the previous discussion that 527 

higher saturation of methane hydrate resulted in severe effect of hydrate-forced 528 

heave on the pores of the sand-clay core samples, whilst the presence of methane 529 

hydrate resulted in contrary effect on the breakthrough capillary pressure of the sand 530 

cores. Moreover, the capillary breakthrough process created more change in the 531 

permeability for the core sample with more methane hydrate, further supporting the 532 

hydrate-forced heave assumption. The maximum values are 0.27, 0.62, and 1.79 533 

mD for 22.9, 28.1, and 35.0 % hydrate saturations, respectively. Beyond the 534 

maximum point, a majority of the large pores that had been created by hydrate-535 

forced heave were already broken through; therefore, the gas flow is no longer 536 

capillary dominated but the viscous dominated. Thus, gas slippage occurred and 537 

Klinkenberg effect became significant, leading to gradual decrease in the measured 538 

permeability as the inlet pressure increased further. 539 

 

(A) 
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(B) 

Figure 4 Gas permeability of the sand-clay core samples versus the inlet pressure: (A) hydrate-free 540 

sample, (B) hydrate-bearing samples with different saturations of methane hydrate 541 

 542 

3.3. Permeability of consolidated sandstone core sample 543 

Permeability of a consolidated sandstone core sample to gas was also measured to 544 

investigate how the presence of gas hydrates affect the gas permeation 545 

characteristics through well-consolidated porous media where the mineralogical 546 

grains are immobile compared with two previous cases studies. The sandstone core 547 

sample was made in dimensions similar to the unconsolidated cores to be able to fit 548 

in the same rubber sleeve, 155 mm in length and 38.1 mm in diameter.  549 

Figure 5 shows the measured gas permeability of the sandstone core sample for 550 

both hydrate-free and hydrate-bearing cases. As observed in Figure 5-(A), the gas 551 

permeability increases with increasing the inlet pressure, similar to that observed for 552 

the unconsolidated silica sand core sample in Figure 2-(A). This means the pores of 553 

the sandstone core sample were large enough that the capillary breakthrough 554 

dominated the gas slippage phenomenon. However, the orders of magnitude of the 555 

measured permeability are different, which can be simply understood by having a 556 

look at the porosity values, given the permeability and porosity of a medium are 557 

generally proportional to each other.  558 

As indicated in Figure 5-(B), the presence of methane hydrate resulted in the gas 559 

permeability to be severely reduced. Moreover, since the sandstone core sample 560 

was well-consolidated, no hydrate-forced heave occurred. Therefore, in contrast to 561 

the observations for the sand-clay samples, the higher the hydrate saturation, the 562 

lower the porous medium permeability to methane. It can also be seen that the 563 

presence of methane hydrate altered the response of the gas permeability to the 564 
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pressure change, i.e. the permeability decreased with increasing the inlet pressure, 565 

then approaching a relative constant value as the inlet pressure continuously 566 

increased. This could be attributed to the fact that the methane hydrate crystals 567 

preferably occupied the large pores, either fully blocking the large pores or partially 568 

clogging them and forming fine throat channels. As observed in Figure 5-(B), much 569 

higher inlet pressure was required to be able to break through the capillary pressure 570 

in the hydrate-bearing cases than that in the absence of hydrate, evidently 571 

supporting the assumption that formation of methane hydrate transformed the large 572 

pores into fine channels for the gas flow where the collision of methane gas 573 

molecules with the pore walls could result in the gas slippage to occur and 574 

consequently Klinkenberg effect to be dominant.  575 

The gas permeability measurement for the 15.0 % hydrates saturation was carried 576 

out first with increasing the inlet pressure and then in a reverse manner to check the 577 

repeatability of the experimental results. As brought in Figure 6, the measurements 578 

were repeatable, confirming that the re-distribution of the pore water had no 579 

significant influence on the permeability under the experimental conditions.  580 

 

(A) 
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(B) 

  Figure 5 Gas permeability of the consolidated core samples versus the inlet pressure: (A) 581 

hydrate-free sample, (B) hydrate-bearing samples with different saturations of methane 582 

hydrate 583 

 584 

Figure 6 Gas permeability of the consolidated core samples with 15.0 % methane hydrate 585 

saturation measured firstly toward higher inlet pressure and then in a reverse manner 586 

 587 

  588 
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4. Conclusions 589 

Gas permeability was measured under varying differential pressure for three different 590 

types of sedimentary core samples to investigate gas permeation characteristics in 591 

the presence and absence of natural gas hydrates. The experimental results showed 592 

that the gas permeation at different gas hydrate-bearing sediments could be 593 

dominated by different mechanisms including capillary breakthrough, pore/grain size 594 

distribution, hydrate clogging, hydrate-forced heave or agglomeration, and 595 

Klinkenberg effect. The following conclusions can be drawn from this study: 596 

• For the highly porous and permeable silica sand core samples, it was 597 

observed that the gas permeability increases with increasing the inlet 598 

pressure hence differential pressure in both hydrate-free and hydrate-bearing 599 

cases, due to dominance of the capillary breakthrough mechanism over the 600 

gas slippage. As the viscous force dominates the breakthrough capillary 601 

forces, the contribution to the gas flow from the narrower pathways previously 602 

filled with water becomes highlighted, resulting in lower resistance against the 603 

flow. As also expected, gas hydrate formation adversely affected the 604 

permeability of the medium. Depending on the hydrate saturation and pore-605 

scale habits, the permeability of the sand pack was reduced. However, the 606 

pore sizes were still large enough to keep the breakthrough capillary pressure 607 

mechanism dominant and Klinkenberg effect negligible. 608 

 609 

• For the sand-clay core samples containing 5 wt. % montmorillonite, due 610 

presence of fine clay particles swelled by water in large pores, the pathways 611 

available for the gas flow was reduced or became narrower and the gas 612 

permeability of the porous medium was dominated by Klinkenberg effect. 613 

Therefore, the gas permeation characteristics for this sedimentary sample 614 

became different from the silica sand pack. It was also observed that the 615 

effect of the hydrate formation on the gas permeability for the sand-clay 616 

samples is drastic given that hydrates prefer to form in large pores. More 617 

interestingly, due to the hydrate-forced heave phenomenon, the measured 618 

gas permeability values were higher for the higher methane hydrate 619 

saturations. In addition, the gas permeability behaviour for all hydrate 620 

saturations was ascending at lower inlet pressures due to dominance of 621 

hydrate-forced heave and then descending at higher inlet pressures due to 622 

dominance of Klinkenberg effect.  623 

 624 

• For the consolidated sandstone core sample, gas permeation characteristics 625 

were considerably altered. For the hydrate-free case, the breakthrough 626 

capillary pressure dominated the gas permeation so that the gas permeability 627 

increased with the inlet pressure, similar to that of the unconsolidated silica 628 

sand packs. However, hydrate formation clogged the original large pores thus 629 

resulted in the gas slippage to be influential, resulting in Klinkenberg effect to 630 
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be dominant. Therefore, for the hydrate-bearing cases, the gas permeability 631 

was reduced with increasing the inlet pressure. Moreover, in contrast to the 632 

sand-clay core samples, no hydrate-forced heave effect was indicated by the 633 

gas permeability trend given well-consolidation of the sandstone core sample.  634 
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Appendix A 638 

We used our in-house thermodynamic modelling software to predict the hydrate stability 639 

zone (HSZ) of CH4 (Hassanpouryouzband et al., 2018a). Thermodynamic behaviour of the 640 

fluid system at different thermodynamic conditions and compositions was modelled using 641 

CPA EoS for the non-solid phase, with the SRK72 EoS as the no associating part, and a 642 

modified VdW-Platteeuw method for the solid phase. 643 

 644 

Figure A1 Predicted hydrate stability zone (HSZ) of CH4 and experimental conditions 645 

 646 

 647 

  648 
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Highlights  

• Gas permeability of the sediments was measured under varying differential pressure. 
• Effect of sediment mineralogy was investigated on gas permeability.  
• Pore scale habits of hydrates was observed to control the gas permeability.  
• Hydrate-forced heave was observed to be influential for sand-clay sediments. 
• Capillary breakthrough and gas slippage could dominate gas permeability behavior.  


