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Abstract 

Permeability of the hydrate-bearing sediments critically affects the hydrate dissociation process as 

well as the rate and efficiency of gas production. Reported permeability values are observed to be 

widely are very scattered owing to the dependence on multiple factors such as experimental 

conditions and test procedures. It is critical that the permeability is measured accurately to enable 

prediction of long-term gas production using numerical simulation for an economic development 

of hydrate-bearing reservoirs. In this study, the tetrahydrofuran (THF) hydrates that exhibit pore 

habits of the pore-filling pattern are formed in sediments, and the water permeability is quantified 

as a function of hydrate saturation. The results show that a decrease in the permeability for an 

increase in the hydrate saturation. Based on the measured values that are bounded by Kozeny 

grain-coating and pore-filling models, the fitting parameters of the empirical permeability models 

are suggested for use in numerical simulation of long-term hydrate dissociation. Wave velocity 

measurements reveal pore habits of pore-filling pattern of THF hydrates in the sediments with 

Sh<0.5, and a gradual transition to patchy and load-bearing pore-habits when Sh>0.6. The 

numerical simulation results obtained using the complementary pore-network model suggest that 

the THF hydrates in the sediments may form in small clusters with an average patch size of ~4 

pores.  
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1. Introduction 

The permeability of the hydrate-bearing sediments is a governing factor to depressurization 

propagation and heat transfer associated with fluid flow during gas production from hydrate 

deposits. The permeability can be incorporated into numerical simulations to predict the long-term 

hydrate dissociation for an economic development of a hydrate-bearing reservoir. In clayey 

sediments that exhibit a low permeability, the hydrate dissociation via depressurization occurs at 

a very narrow interface (i.e, short dissociation front) between the free gas zone and the hydrate-

bearing zone. However, in sandy sediments that exhibit a high permeability, the hydrate 

dissociation occurs over a wider interface [1-3]. 

 

Hydrate saturation and hydrate pore habit are known to be the important characteristics governing 

the permeability and water retention characteristics [4-7]. The permeability may vary with the 

hydrate pore habit by a few orders of magnitude even at the same hydrate saturation [8, 9]. The 

pore habit of the natural hydrate-bearing sediments is found to be of pore-filling pattern based on 

the in-situ seismic analysis for the Blake Ridge [10] and the Mallik sites [11, 12], and the wave 

velocity measurements on the pressure cores recovered from the Nankai Trough [13]. However, 

most laboratory-formed hydrate-bearing sediments exhibit pore habits of grain-coating or contact-

cementing pattern if formed in an unsaturated condition, i.e., using the excess-gas method [14]. 

This method is generally preferred to be employed in the laboratory owing to its reduced time of 

hydrate formation (Table 1). The measured values of permeability of the laboratory-formed 

hydrate-bearing sediments may not represent those of the in-situ (natural) hydrate-bearing 

sediments properly, because of the difference in pore habits; therefore, the applicability of the 

published values of permeability (laboratory tested values) to in-situ gas production needs to be 

reexamined [15]. It is evident from Figure 1 that the permeability data resulted from various 

experimental methods, specimen types, and testing conditions are widely scattered. 

 

The pore habit of the tetrahydrofuran (THF) hydrates formed in the sediments under a saturated 

conditions is of pore-filling pattern, which has been confirmed by seismic measurement [16], X-

ray computed micro-tomography [17, 18], and direct visualization through transparent 

microfluidic chips [4]. Built upon a comprehensive review of previous studies on permeability in 

hydrate-bearing sediments, this study measures for the first time the permeability of sediments 
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containing various saturation of THF hydrate. Corresponding P- and S-wave velocities are also 

monitored to identify the effect of the hydrate on sediments stiffness and the effect of water flow 

on hydrate saturation during the permeability tests. Moreover, simulation is performed using pore-

network model to investigate the effect of the hydrate patch size on permeability.   

 

2. Permeability models and experimental data 

Permeability models.  The analytical models for water permeability, krw, as a function of hydrate 

saturation, Sh, developed considering the shape of the pore space (e.g., capillary tube model and 

Kozeny grain model) and the location of hydrates in the pore space (e.g., surface coating and pore-

filling), are represented by the following Equations 1~4 [6, 19].  

 

Capillary tube Grain-coating krw=(1-Sh)2 (1) 

Pore-filling krw=1-Sh
2+2(1-Sh)2/log(Sh) (2) 

Kozeny grain Grain-coating krw=(1-Sh)n+1 

where n=1.5 for 0<Sh<0.8 and n>1 for Sh>0.8 

(3) 

Pore-filling krw= (1-Sh)n+2/(1+Sh
0.5)2 

where n=0.7Sh+0.3 

(4) 

 

The permeability calculated by the capillary tube and Kozeny grain models are shown in Figure 1. 

The capillary tube model provides a wider range of the values of permeability values at a given 

hydrate saturation compared to the Kozeny grain model. 

 

Permeability data. The values of permeability measured in the laboratory-formed and natural 

hydrate-bearing sediments have been compiled from the literature (Figure 1). As shown in Table 

1, these measurements are obtained under various experimental conditions: different gases (CH4 

or CO2), hydrate formation methods (excess-gas, excess-water, ice-seeding, or gas-bubbling), 

permeability measurement methods (water flow, gas flow, nuclear magnetic resonance, or well-

logging), sediment types and dimensions (artificially formed hydrate-bearing sediments, 

conventional and pressure cores recovered from hydrate reservoirs). 
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The majority of the laboratory studies published in the literature have employed the excess-gas 

method in order to expedite the hydrate formation in sediments. However, this method exhibits 

several limitations as follows: 

• Hydrate pore habits. The pore habit of the hydrates formed under un unsaturated condition 

(excess-gas or water-limited condition) may not represent the pore habit of the hydrates in 

natural sediments with a saturated condition; thus, the excess-gas method exhibits a 

discrepancy in permeability with reference to the natural sediments. 

• Specimen saturation. The excess-gas method generates unsaturated specimens, which need 

to be saturated for permeability measurement. However, saturating the specimens is a 

challenging task due to the trapped gas bubbles as well as the possibilities of dissociation 

and additional formation of hydrates. 

• Hydrate dissolution. If pure water is circulated for permeability measurement, the hydrates 

can dissolve even under a hydrate-stable pressure-temperature condition owing to the 

solubility of gas in water with the existence of hydrates [20]. As a result, the water 

permeability may increase gradually with time [21]. On the other hand, the injection of a 

stream of gas-saturated water can induce formation of additional hydrates because of the 

difference in the values of gas solubility with and without the existence of hydrates [22-

24].  

• Hydrate formation. Initially, hydrates form at the water-gas interfaces, and the formed 

hydrate films slow down the mass transfer that is essential to sustain further hydrate 

formation. Therefore, the conversion ratio, i.e., the ratio of the amount of water reacted to 

form the hydrates over the initial amount of water, hardly ever reaches 100% within the 

limited period of the experiment [25]. This conversion ratio decreases as the initial water 

saturation increases [8].  

 

As shown in Figure 1, some experimental values of permeability are much lower than the range 

predicted by the permeability models. In fact, the values are even lower than those predicted by 

the pore-filling model, which predicts the lowest values among other analytical models. A few 

possibilities for the low permeability values are listed as follows: 

• For the excess-gas method, the hydrates form at the gas-water interface. The water that is 

not used to form the hydrates remains immobile below the hydrate layer thereby not 



 5 

contributing to the permeability [8, 26, 27]. Therefore, the method results in a lower 

permeability compared to the other hydrate pore habits at a given water saturation. 

• Initially, the water is distributed only at the grain contacts, and therefore, the hydrates form 

predominantly at the pore throats, thereby plugging the path of water flow. Therefore, the 

measured values of permeability can be very low even at low hydrate saturation. 

• If pure water is injected during the measurement of permeability, gas bubbles are generated 

due to hydrate dissolution. These gas bubbles may then get trapped in the pore space, 

thereby lowering the value of permeability [21]. 

• Permeability is measured at different levels of hydrate saturation by nuclear magnetic 

resonance (NMR) technique while the hydrates dissociate from Sh=0.33 to lower Sh [23]. 

The gas bubbles evolved during this process can get trapped, thereby lowering the value of 

permeability. 

 

3. Experimental Details 

A falling head permeameter cell (Humboldt Mfg. Co., Model: HM-5982) was modified to measure 

the permeability as a function of hydrate saturation (Figure 2a). The original acrylic cylinder (15.2 

cm in height and 8.9 cm in diameter) of the cell was replaced with an aluminum cylinder of the 

same dimensions [28]. The piezo-crystals (APC International, Ltd., MFT-15T-6.7A1 RoHS) and 

bender elements (Piezo Systems, T2LCH) were installed in the cylinder for P- and S-wave velocity 

measurements. A function generator (Agilent, 33210A), an oscilloscope (Keysight, DSOX-

3014A), and a filter/amplifier (Krohn-Hite, model: 3364) were connected to the piezo-crystals and 

bender elements for velocity measurement (Figure 2b). The thermocouples (Conax Technologies, 

K-type) connected to the data-logger (Agilent, 34972A) were fitted to the cell to monitor the 

temperature profile during the hydrate formation and permeability measurement. The setup was 

placed in an environmental chamber for an accurate control of the temperature. 

 

Three layers of sands (passing through #10 sieve and retained on #200 sieve, ASTM C778) were 

compacted into the cylinder (the porosity of the sediment is n=0.39). Two wire meshes were placed 

at the bottom and top of the sediments to prevent migration of sand grains during the permeability 

test. The water-THF solution was then injected into the compacted sediments in the mass ratios 

ranging from 92:8 (Sh=0.4) to 87:13 (Sh=0.7). It may be noted that the saturation of actually 
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formed THF hydrates is found to be lower than the THF hydrate saturation calculated by the mass 

ratio [30]. Then, the temperature was decreased to 0.5 °C to trigger the hydrate nucleation. The 

hydrate formation was indicated by the thermal peaks, and subsequently, the chamber was allowed 

to remain at the same temperature for 3 days to ensure complete conversion to THF hydrates. 

However, it was also ensured that the temperature and wave velocity attained stability without any 

further changes in their values. Subsequently, the valve of the water column was opened, followed 

by the falling head permeability test. The permeability measurement was performed three times at 

each of the identified levels of hydrate saturation. The P- and S-wave velocities were measured 

after each permeability test.  

 

It must be mentioned that the permeability was not measured for hydrate saturation Sh<0.4 or 

Sh>0.7 because it was nearly infeasible to perform the test for practical reasons. For Sh lower than 

0.4, the equilibrium temperature is at the most 0 °C (for water-excess condition). This low 

temperature may induce the water in the pores to freeze, thereby making the measurement 

infeasible. Mahabadi et al. (2016) has compiled the equilibrium temperatures of the THF hydrates 

as a function of water fraction in water-THF solution. The equilibrium temperatures of the other 

gas hydrates can be found in the references [31-33]. For Sh higher than Sh=0.7, the majority of the 

pore space is occupied by the hydrates, and thus shuts off the flow. This too causes the 

experimental measurement practically impossible. 

 

4. Experimental Results and Analyses 

Water permeability as a function of hydrate saturation. Water permeability experiments were 

performed on the sediments with hydrate saturation Sh=0, 0.4, 0.5, 0.6, and 0.7. The selected water-

THF mass ratio results in the water as the only pore fluid after hydrate formation. The values of 

water permeability measured at each hydrate saturation were normalized by the water permeability 

at Sh=0. As shown in Figure 3a, the normalized permeability decreases as the hydrate saturation 

increases. The values of permeability are observed to be bounded by the Kozeny grain models. 

The permeability at Sh=0.4 lies between the predictions of the grain-coating model and the pore-

filling model. Permeability becomes closer to the pore-filling model results as the hydrate 

saturation increases (Sh=0.6 and 0.7), which is consistent with previous experimental results [1, 

34]. 
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The permeability measurement was performed three times at a given hydrate saturation. The 

measured value increases slightly with the repetition of the test (Figure 3b). As shown in the inset 

of the Figure 3b, the 2nd and 3rd measurements show 3-7% increase compared to the 1st 

measurement. And the increase in measured permeability during the repeated tests is more 

pronounced in sediments with higher initial hydrate saturation, i.e., ~3% increase for Sh=0.4, and 

~7% increase for Sh=0.7 condition.  

 

The empirical models for permeability as a function of hydrate saturation, available in the 

published literature, include the University of Tokyo model (Equation 5) [35], a hybrid model 

(Equation 6) considering both grain-coating and pore-filling hydrate pore habits [34, 36], and a 

modified Corey model (Equation 7) [37]. In addition, equations based on the numerical simulation 

by Lattice Boltzmann method and pore-network modeling are also proposed considering the 

capillary effect and tortuosity (Equations 8 and 9) [9, 19]: 

University of Tokyo model [35] 

krw=(1-Sh)N N: permeability reduction exponent     (5) 

Hybrid model [34, 36] 

 krw=αkrw
pf +βkrw

gc          (6) 

where, α=ShL, β=(1-Sh)M, and krw
pf  and krw

gc  are the permeabilities calculated by Kozeny 

pore-filling and grain-coating models (Equations 3 and 4) 

Modified Corey model [38] 

 krw=(1-Sh)·exp(-C·Sh)    C: fitting parameter     

 (7) 

Linear equation for capillary grain-coating [9] 

 krw= -1.8×Sh+1         (8) 

Modified Kozeny-Carman [19] 

 krw=(1-Sh)3/(1+2Sh)2         (9) 

 

The empirical models (Equation 5-7) were fitted to the experimental values of permeability in 

order to get the fitting parameters. It must be mentioned here that only the values of the 1st 

measurement were used for fitting. The normalized mean square error (NMSE) [34, 36] was used 
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to estimate the differences between the measured permeability krw
exp and predicted permeability 

krw
pre. 

 

NMSE = 1
N
�∑ �krw

exp − krw
pre�

2N
1 � ��1

N
∑ krw

expN
1 � �1

N
∑ krw

preN
1 ���     (10) 

 

Based on the lowest NMSE, the fitting parameters for the abovementioned empirical models were 

obtained: N=3.22 for the University of Tokyo model, L=0.67 and M=1.30 for the hybrid model, 

and C=3.03 for the modified Corey model. Especially for the hybrid model, there were ranges of 

values for L and M that resulted in the values of permeability higher than 1, krw>1, for a certain 

range of hydrate saturation, while the combination of L and M parameters resulted in the lowest 

NMSE. Therefore, it was necessary to check the permeability values within the whole saturation 

range for the hybrid model. Accordingly, the permeability curves predicted by these empirical 

models using the identified fitting parameters were superimposed on the experimental results 

(Figure 3a). 

 

Compressional and shear wave velocity. Compressional VP and shear VS wave velocities were 

measured for each condition of hydrate saturation prior to and immediately after the permeability 

test (Figure 4). The results show that VP and VS increase with hydrate saturation. Apart from the 

experiments, the P- and S-wave velocities were also computed for different hydrate pore habits 

using the rock physics models. Accordingly, the computational results were obtained for the 

contact-cementing, surface-coating, load-bearing, and pore-filling pore habits using the 

formulations in Dvorkin, Helgerud [39] and Mavko, Mukerji [40], and the results of the patchy 

model were obtained using the self-consistent model [41]. The experimental results are observed 

to follow the pore-filling pattern for Sh<0.5, while the data points lie between the predictions from 

the load-bearing model and the patchy model for Sh>0.6. For pore-filling hydrates, VP and VS do 

not show an evident increase until the hydrate saturation exceeds ~40% [42], which is consistent 

with our experimental results. 

 

As shown in the insets in Figure 4, the P- and S-wave velocities decrease with the repetition of the 

permeability measurement, whereas the permeability increases (Figure 3). This implies that there 

exists a possibility of hydrate dissolution considering that pure water is injected [20, 21] and/ or 
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small hydrate particles are flushed out during the repeated permeability tests similar to the 

phenomenon of fines migration [43]. Volatilization of THF before the hydrate formation and 

incomplete conversion of the water-THF solution to THF hydrate may also result in a lower 

hydrate saturation compared to the target saturation level. In addition, during the permeability test, 

the drag force applied to hydrate particles may cause the hydrate particles to be flushed out of the 

sediment packing [44].  

 

5. Pore-network model simulation – The effect of pore habit on permeability reduction  

A pore-network model was used to investigate the effect of hydrate pore habit on permeability 

reduction curves. A detailed explanation of the pore-network model and simulation algorithm can 

be found in previous studies [5, 7, 45]. There could be a couple of issues in using the pore-network 

model such as the difference in capillary pressure between an irregularly shaped pore and a 

perfectly circular pore and the dependence of the interfacial tension on simulation pressure 

condition during the two-phase fluid simulation [46, 47]. In this simulation involving calculation 

of permeability, it is considered that the hydrates are solid phase, and only the liquid phase (water) 

occupies in the pore space (no gas phase is considered). 

 

Initially, the hydrates were assigned to fill either a single pore (i.e., the distributed case) or a couple 

of neighboring pores (i.e., patchy formation). The number of pores in a patchy hydrate varies, e.g., 

4, 64, or 1024 pores, as illustrated in Figure 5a. Following the distribution of the hydrates in the 

pores, the permeability was calculated using the hydrate-bearing pore-network model. The 

calculation was then performed for each hydrate saturation using 10 random realizations of the 

hydrate distribution with the same pattern in the pore network. The averaged values are plotted in 

Figure 5b for different sizes of the patch. It is evident that the permeability decreases as the hydrate 

saturation increases, the permeability of the distributed case is the lowest, and the permeability for 

the 1024-pore patch is the highest at a given hydrate saturation. This is because the individually 

distributed hydrate pores plug the water flow channels and thereby prevent formation of a global 

flow channel easily. However, if there is a big hydrate patch in the pore-network model, the water 

can freely flow through the other regions of the pore-network bypassing the hydrate patch. It is 

evident from Figure 5b that the experimental values of permeability lie close to the normalized 

curve of the 4-pore patch. 
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6. Conclusions 

The permeability of the hydrate-bearing sediments is affected by hydrate saturation and hydrate 

pore habit. Hydrate formation (at unsaturated condition) in the laboratory using the excess-gas 

method results in grain-coating and/or contact-cementing pore habits that differ from the pore-

filling hydrate pore habit observed in natural sediments. The experimental values of permeability 

compiled from the literature are observed to be widely scattered owing to the dependence on 

multiple factors such as the experimental conditions, sediment types, and test procedures. In this 

study, the THF hydrates known to have the pore-filling pore habit were formed in sands, and the 

permeability of the resultant hydrate-bearing sediments was measured. The results show that the 

measured values are bounded by the permeability curves of the Kozeny grain model, with the 

values lying closer to the pore-filling curve of the model as the hydrate saturation increases. The 

permeability is observed to increase with repeated measurements even when the hydrate saturation 

is held constant, which implies hydrate dissolution. This is also evidenced by the decreases in 

measured wave velocities. The empirical permeability models are fitted to the experimental results, 

and the fitting parameters are suggested. The wave velocity measurements in the THF hydrate-

bearing sediments suggest a pore-filling pattern for Sh<0.5 and an intermediate pattern bounded 

by the patchy and load-bearing pore habits for Sh>0.6. The results of the simulations using the 

pore-network model imply that the THF hydrates may form in small clusters in the sediments with 

an average patch size of approximately 4 pores. 
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Table 1. Summary of permeability tests in hydrate-bearing sediments. 

Type Measure 
Method 

Formation 
Method Sediment References 

A
rt

ifi
ci

al
ly

-F
or

m
ed

 H
yd

ra
te

s 

C
H

4 H
yd

ra
te

 

CH4 gas flow 

Excess gas N/A Liang, Song [8] 
Ice seeding Clayey Liu, Wu [48] 

Ice thawing Ksand / F110 / F110+Silt Kneafsey, Seol [15] 
F110 Gupta [49] 

Water flow Excess gas 

Sands Sakamoto, Komai [27] 
Sakamoto, Komai [26] 

Core recovered (Mt. Elbert) Johnson, Patil [50] 
Toyoura sand 
No.7 & 8 sand 

Mallik simulated sand 
Minagawa, Ohmura [21] 

Toyoura sand Minagawa, Nishikawa 
[51] 

NMR/ 
Water flow 

Excess gas 
(Gas bubbling) Silica sand 

Minagawa, Nishikawa 
[23] 
Minagawa, Nishikawa 
[24] 
Minagawa, Sakamoto [22] 

Excess gas/  
Excess water Silica sand Minagawa, Egawa [52] 

NMR Gas bubbling Berea sandstone Kleinberg, Flaum [6] 
PNM Not described Uniform-sized quartz Wang, Zhao [53] 

C
O

2 H
yd

ra
te

 Water flow Excess gas 
Ottawa 20/30 Delli and Grozic [34] 

Silty fine sands Liu, Zhang [54] 

CO2 Gas flow Excess gas Glass beads Kumar, Maini [1] 

Gas flushing  Sand + kaolin Chuvilin and Grebenkin 
[55] 

R
11

 Liquid 
flow Excess gas Sand μ=280μm Berge, jacobsen [56] 

N
at

ur
al

ly
-F

or
m

ed
 

H
yd

ra
te

s 

Pr
es

su
riz

ed
 c

or
e NMR 

In-situ 

Silt (70%) and clay (15-
30%) Li, Zhao [57] 

Water flow Nankai Trough 
(silty sand) 

Santamarina, Dai [13] 
Priest, Druce [58] 
Konno, Yoneda [59] 

Consolidation Yoneda, Masui [60] 

W
el

l-
lo

gg
in

g 

NMR 
Mallik 5L-38 Lee [61] 

Kleinberg, Flaum [62] 
Nankai Trough Murray, Fukuhara [63] 
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Figure 1. Water permeability as a function of hydrate saturation – a compilation of published 

experimental data with reference to analytical models. (a) Water permeability of laboratory-

formed hydrate-bearing sediments. (b) Water permeability of the pressure cores of the natural 

hydrate-bearing sediments (never experienced depressurization). The results of the analytical 

models (capillary tube model-coating CC, capillary tube model-pore-filling CP, Kozeny grain 

model-coating KC, and Kozeny grain model-pore filling KP) are superimposed.  
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Figure 2. Illustrations of the experimental setup. (a) Test configuration for measurement of 

permeability and wave velocity, with the installed components: pressure transducer PT, bender 

element BE, piezo-crystal PE, and thermocouple TC. (b) Connection details for P- and S-wave 

measurement.  
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Figure 3. Measured permeability in THF hydrate-bearing sediments. (a) Normalized water 

permeability as a function of hydrate saturation. Three permeability values at a given hydrate 

saturation are shown (The measured permeability of hydrate-free sediment is 81.1mD). (b) 

Normalized water permeability measured three different times for a given THF hydrate-bearing 

sediments. 
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Figure 4. Compressional (P-) and shear (S-) wave velocity measurements before and after 

permeability test. (a) Compressional and (b) shear wave velocities. P- and S-wave velocities are 

measured right after every hydraulic conductivity test. Note that the schematic hydrate 

configurations in the pore space are drawn for the four different pore habits. 
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Figure 5. Numerical results of water permeability in hydrate-bearing sediments. (a) Various 

types of hydrate patch for a given hydrate saturation Sh=0.2 in the pore network model: 

distributed, 4-pore, 64-pore, and 1024-pore. For a hydrate saturation of higher than 50%, a few 

of the generated hydrate patches are interconnected even for the 4- or 64-pore patches. The pore-

network model consists of 4593 pores and 19361 tubes with a mean tube connectivity per pore 

(coordination number) of cn=6.8. Mean pore radius is µ[Rpore]=69 µm, mean tube size is µ 

[Rtube]=12 µm, and mean tube length is µ[Ltube]=45 µm (max[Rpore]=194 µm, min[Rpore]=22 µm, 

max[Rtube]=63 µm, min[Rtube]=1 µm, max[Ltube]=201 µm, min[Ltube]=0.06 µm). (b) The effect 

of the hydrate pore habit on permeability reduction trend – A pore-network model simulation. 

As the size of the hydrate patch (the number of pores forming one cluster of hydrates) increases, 

the permeability increases for a given hydrate saturation. 
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