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A B S T R A C T

To identify the challenges and limitations in measuring and modelling gas relative permeability in hydrate
bearing sandstone, we simulate a series of experiments. Experimental and numerical results are used to examine
the amount of hydrates formed as well as how the flow of gas is affected by the hydrate formation. The
reservoir simulator TOUGH+HYDRATE was used. The system is represented numerically in both 1-dimensional
and 2-dimensional grids. The 1-dimensional simulations are used to check the system consistency by keeping
track of the amount of hydrates that are formed, given the initial and boundary conditions. The 2-dimensional
simulations are used to measure the effects of heterogeneity in the distribution of hydrates, and its impact on
both relative permeability and capillary pressure. The results reveal complexities when comparing experimental
and simulated permeability in hydrate-bearing systems. The results from the 1-dimensional calculations show
that most experiments have not been able to form the amount of hydrates that is theoretically possible by the
initial mix of brine and gas. This indicates that early growth of hydrates can limit mass transfer to inner parts of
the core shielding the system for further nucleation. This is supported by the 2-dimensional simulations. These
show how a heterogeneous pattern of hydrates can limit fluid flow by (a) reducing the intrinsic permeability,
(b) scaling down gas relative permeability, and (c) and scaling up capillary entry pressure of portions of the
core. Although these effects do not fully explain the experimental results, the results provide insight to hydrate
induced flow restrictions and how these can affect experimental result.
. Introduction

Gas hydrates are crystalline ice-like solids formed by the mixing
f water and a gas under pressure. Water molecules form hydrogen-
onded structures with cavities that are stabilized by the filling of non-
olar or slightly polar guest gas molecules (Sloan et al., 2007). Methane
s the most common gas molecule that forms hydrates naturally. Besides
he availability of both water and methane, low temperatures and high
ressures are needed. Porous media in and below permafrost and near
eafloor sediments in deep marine regions (water column higher than
00 m) meet these conditions and host most methane hydrate accumu-
ations known in the world (Boswell, 2009). These accumulations have
ained increased interest over the last four decades and multiple re-
earch initiatives are focusing on understanding their impact on safety
n drilling operations, seafloor stability, climate change, geohazards,
nd its feasibility as a potential energy resource (Collett et al., 2014).

Natural or human induced changes in pressure and temperature will
ffect the stability of hydrates and may cause formation of hydrates or
elting and reformation. This involves a dynamic transition between a

ystem with 2 phase flow (gas and water) and 1 solid phase (hydrates).

∗ Corresponding author.
E-mail address: gpb@equinor.com (A. Bello-Palacios).

Depending on whether the hydrates form or melt in a saline envi-
ronment a number of changes take place; 1. heat is either consumed
or released causing a temperature change 2. pressure may decrease
or increase due to both gas and water consumption or release, 3. the
salinity decreases or increases as water is consumed or released. All
these mechanisms may have significant impact on the hydrate distri-
bution and flow of fluids. To complicate matters even more there is an
apparent stochastic nature to hydrate formation. Once hydrate nuclei
are formed, they will consume nearby gas and water and grow until
the driving forces are locally zero, due to lack of methane, water or
an increased salinity. This may cause the overall formation to become
patchy (Fig. 1). If in addition the porous medium is un-consolidated,
the internal hydrate pressure of the small nuclei may be higher than
the surrounding effective pressure and thereby grains can be moved and
the patch may grow to become a single solid hydrate lens or vein (Jang
and Santamarina, 2016).

In multi-phase flow, the saturation of each phase determines how
it flows and inhibits the flow of the coexisting phases. This effect is
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Fig. 1. MRI images of a cross-sectional slice of a Bentheim sandstone core. Images
display phase saturations before (left) and after (right) hydrate formation. Post-
formation phase saturation is resolved for both hydrates (red) and brine (blue). Hydrate
saturation (top right) shows a heterogeneous stochastic (‘‘patchy’’) pattern.

described by the phase relative permeability. Reliable relative perme-
ability estimates are central to the accuracy of numerical predictions of
flow in porous media (Kleinberg et al., 2003).

In terms of laboratory experiments, the most common technique
for permeability measurements is the steady state flow test (Li et al.,
2018). The complexities of multi-phase flow in hydrate bearing systems
makes the measurement of relative permeability particularly difficult.
Every phase affects each other while the intrinsic permeability of the
medium actively changes. In addition, though pressure and tempera-
ture must be maintained during tests, it is very hard to avoid hydrate
re-formation and dissociation (Moridis et al., 2010). The number of
studies published is low (Jaiswal, 2004; Ahn et al., 2005; Johnson et al.,
2011; Almenningen et al., 2019) and include a variety of methods and
materials. Ren et al. (2020) concludes that the variability between these
studies reveals a lack of repeatability and a challenge of making their
results comparable.

Almenningen et al. (2019) published a series of measurements of
gas relative permeability in carbon dioxide (CO2) and methane (CH4)
hydrate bearing sandstone. The experiment setup considered varying
saturations of both gas and brine, expecting to measure the effect of
the presence of both hydrates and the fluid phases. Results show a
clear but highly scattered decreasing trend of gas permeability with
increasing hydrate saturation. It is suggested that this effect can be
related to methane becoming disconnected by hydrate films that form
local barriers of flow and that the distribution of such flow barriers vary
between experiments.

In terms of combining experimental studies on hydrate bearing
porous media with numerical models, there has been relatively few
studies. Jang and Santamarina (2014) used numerical modelling to
reproduce permeability and capillary pressure relationships monitored
through hydrates in micromodels. Chen et al. (2018), used numerical
2

models to calculate gas relative permeability as a function of hy-
drate distribution obtained from X-ray microtomography images from
hydrate bearing sandpacks.

To estimate bulk phase saturations in laboratory measurements
involving hydrate formation or dissociation of porous media, exchange
of fluids along with pressure and temperature are monitored. However,
in the absence of tools that provide images that can distinguish solid
hydrates from fluid phases, it is impossible to see how these phases are
distributed internally.

Numerical modelling can assist the analysis of experimental mea-
surements where the internal distribution of phases could have been
critical in the quality of the physical measurement. Modelling can be
critical to complement the work done in the laboratory and enable
extrapolation of laboratory measurements to field-scale applications.
Similarly, experimental results can assist constraining the models that
define how the internal porous media is affected by the presence of
hydrates. A good agreement between experimental data and numerical
predictions is essential to bridge knowledge gaps and improve under-
standing of the complexity of gas hydrates systems (Birkedal et al.,
2014).

To address this issue, we present the results of simulating 2-phase
flow effective permeability experiments from Almenningen et al.
(2019)) using TOUGH+HYDRATE (T+H).

• Firstly, we compare how suitable T+H is to reproduce the process
of hydrate formation after cooling down pressurized gas and
brine.

• Secondly, we evaluate how T+H can help to understand processes
that were not possible to observe during the experimental work.
Particularly on the internal distribution of both solid and fluid
phases on the effective gas flow. This includes how a stochas-
tic hydrate growth affects both capillary pressure and intrinsic
permeability.

• Finally, with the results obtained in this work we aim to map out
potential caveats and limitations that can be encountered when
designing experiments that involve hydrates in porous media.

2. Methods

The dataset used for this work consists of end-point gas relative
permeability measurements in sandstone, before and after hydrate
formation (Almenningen et al., 2019) (Table 1). A set of cylindrical
sandstone cores initially saturated with methane gas and brine (3.5
wt% NaCl) were connected to flowlines on each end of the core to
provide the necessary influx to pressurize the core and measure relative
permeability. A cooling jacket was used to cool down the core and
induce the formation of hydrates at constant pressure.

Each experiment produced a relative permeability measurement be-
fore and after hydrate formation (Fig. 2). Hydrate saturation achieved
after cooling was between 37% and 61%. The relative permeability due
to hydrate formation was decreased by 1 to 5 orders of magnitude.

To model these results, TOUGH+HYDRATE v1.5 (T+H) was used.
T+H is a numerical code for the simulation of the behaviour of
methane hydrate-bearing geologic systems for multi-phase, multi-
component flow and transport of mass and heat through porous and
fractured media (Moridis and Pruess, 2014).

Hydrate formation and dissociation are modelled in T+H by using
either an equilibrium or a kinetic model. In the equilibrium model,
phase transitions are governed only by pressure and temperature. Water
and methane are mass components, and hydrate is one of the potential
phases that can be present in different combinations (Fig. 3). In the
kinetic model, hydrates are treated as a new mass component. Phase
transitions are calculated by kinetic parameters in an Arrhenius-type
expression based on the work of Kim et al. (1987). Eq. (1) describes
the behaviour of the hydrate mass component and phase.
𝜕𝑀 = 𝐾 𝑒(−𝛥𝐸𝑎∕𝑅𝑇 )𝐹 𝐴 (𝑓 − 𝑓 ) (1)

𝜕𝑡 0 𝐴 𝑆 𝑒𝑞 𝑣



Journal of Petroleum Science and Engineering 208 (2022) 109606A. Bello-Palacios et al.
Table 1
List of all CH4 permeability experiments (Almenningen et al., 2019). Core pressure
and temperature were kept constant at 8.3 MPa and 4 ◦C, respectively, during
hydrate formation and permeability measurements. Margin of errors reflect instrumental
uncertainties. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Exp. ID No hydrate Hydrate

𝑆𝑔 [frac.] 𝑘𝑟𝑔 [frac.] 𝑆ℎ𝑦𝑑 [frac.] 𝑆𝑔 [frac.] 𝑘𝑟𝑔 [frac.]
±0.01 ±0.02 ±0.02

A 0.54 0.12 ± 0.02 0.46 0.44 1.9E−2 ± 0.3E−2
B 0.47 0.19 ± 0.08 0.47 0.36 1.2E−3 ± 0.4E−3
C 0.46 0.09 ± 0.03 0.45 0.36 1.7E−6 ± 0.6E−6
D 0.46 0.06 ± 0.02 0.47 0.36 4E-6 ± 1E−6
E 0.46 0.06 ± 0.02 0.51 0.35 1.4E−4 ± 0.5E−4
F 0.36 0.08 ± 0.03 0.61 0.23 4E-7 ± 1E−7
G 0.36 0.14 ± 0.02 0.53 0.24 9.9E−7 ± 0.8E−7
H 0.27 0.032 ± 0.006 0.37 0.18 7.1E−7 ± 0.8E−7

𝑆𝑔 and 𝑆ℎ𝑦𝑑 are the gas and methane saturations, respectively; 𝑘𝑟𝑔 is the relative
permeability of gas.

Fig. 2. Overview of all the methane relative permeability measurements and margin of
errors. Black circles show gas relative permeability before hydrate formation. Coloured
squares show relative permeability after hydrate formation. Colour shade in squares
represents hydrate saturation. Stippled lines connect measurements in each experiment.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Where 𝜕𝑀∕𝜕𝑡 is the methane mass rate, 𝐾0 the intrinsic hydration re-
action constant, 𝛥𝐸𝑎 the hydration activation energy, 𝑅 is the universal
gas constant, 𝑇 is the temperature, 𝐹𝐴 is the area adjustment factor, 𝐴𝑆
is the hydrate reactive surface area, 𝑓𝑒𝑞 is the fugacity at equilibrium
temperature and 𝑓𝑣 is the fugacity in the gas phase at temperature 𝑇 .

Kowalsky and Moridis (2007), Teng and Zhang (2020) have com-
pared both modelling strategies. Kowalsky and Moridis (2007) con-
cluded that they were practically indistinguishable for large-scale and
long-term processes, but that Kinetic model would more suitable for
short-term and core-scale simulations. Teng and Zhang (2020) conclude
that the equilibrium model is a special case of kinetic model where the
relative strength of the hydrate reaction is greater than that of other
physical processes. The authors also indicate that when such strength
is relatively smaller than other physical processes, the kinetic model
can be more computationally efficient. Birkedal et al. (2014) observed
that the kinetic model was less sensitive to temperature variations at
the boundary condition and was more numerically efficient.
3

Fig. 3. Pressure–temperature equilibrium relationship in the phase diagram of the
water–methane–hydrate system. All possible combinations of the four phases are
displayed: aqueous (Lw), ice (I), gas (V), and hydrate (H) (Moridis and Pruess, 2014).

Fig. 4. 2-phase relative permeability curves used in this study based on the modified
Stone model. 𝑘𝑤, 𝑘𝑟 are water and gas relative permeability, respectively. Overlaid, 2-
phase gas relative permeability measurements, prior to hydrate formation (Almenningen
et al., 2019).

Water and gas flow in hydrate bearing rocks is governed by fluid
saturations and the reduction in porosity due to hydrate formation.
T+H handles this by using separate models that define two-phase
relative permeability and growth of solid (hydrate). For relative perme-
ability, the modified Stone model was used in T+H. It is a power-law
relationship between the relative permeability of the fluid phase (𝑘𝑟𝑤,
𝑘𝑟𝑔) and the saturation of the phase (𝑆𝑤, 𝑆𝑔) (Fig. 4), defined by Eqs. (2)
and (3).

𝑘𝑟𝑤 =
𝑘𝑤
𝑘0

=
(

𝑆𝑤 − 𝑆𝑟𝑤
1 − 𝑆𝑟𝑤

)𝑛𝑤
(2)

𝑘𝑟𝑔 =
𝑘𝑔
𝑘0

=
(𝑆𝑔 − 𝑆𝑟𝑔

1 − 𝑆𝑟𝑤

)𝑛𝑔
(3)
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Table 2
TOUGH+H input parameters used for sandstone cores.

Parameter Magnitude

Porosity [V/V] 𝜙0 = 0.22
Absolute permeability [D] 𝑘0 = 1.3–1.9
Initial salinity [wt.%] 𝑋𝑖𝑛ℎ = 3.5a–5.44b

Model for updating porosity and permeability 𝑚 = 3a

𝜙𝑐 = 0.05a

Relative permeability. Modified Stone model 𝑆𝑖𝑟𝑎 = 0.15, 𝑆𝑖𝑟𝑔 = 0.05a

𝑛𝑎 = 3.5, 𝑛𝑔 = 3.2a

aValues taken from Birkedal et al. (2014).
bArbitrarily defined value to estimate highest reduction of permeability.

𝑆𝑟𝑤 and 𝑆𝑟𝑔 are residual saturation of water and gas phases, respec-
tively. Both these parameters and fitting exponents 𝑛𝑤, 𝑛𝑔 define the
shape and end-points of the curves (Fig. 2) and are to be defined by
the user. The small amount of experiments yielded a scattered amount
of relative permeability measurements (Fig. 2). There is no unique
solution for the Stone model. Therefore, residual saturations and fitting
exponents for both gas and water were taken from Birkedal et al. (2014)
(Table 1).

The solid hydrate phase in T+H is modelled as an extension of the
matrix. Effective or (hydrate-filled) porosity (𝜙) is a function of both
the initial (hydrate-free) porosity (𝜙0) and hydrate saturation (𝑆ℎ). 𝜙 is
defined as the porosity filled only by fluid phases, expressed in Eq. (4)

𝜙 = 𝜙0 (1 − 𝑆ℎ) (4)

As porosity is modified, intrinsic permeability 𝑘 is also updated.
T+H uses a permeability reduction factor 𝑘𝑟𝐹 that is obtained from
a power law relationship (Eq. (5)) between the ratios of hydrate-
filled porosity 𝜙 and the hydrate-free porosity 𝜙0. The reduction factor
𝑘𝑟𝐹 sets the ratio by which intrinsic (hydrate-free) permeability 𝑘0
is decreased, and yields an effective (hydrate-filled) permeability 𝑘.
The effective permeability 𝑘 is the permeability of a single-phase fluid
flowing in a porous medium with specific saturation of hydrate.
(

𝑘
𝑘0

)

= 𝑘𝑟𝐹 =
(

𝜙 − 𝜙𝑐
𝜙0 − 𝜙𝑐

)𝑚
(5)

The critical porosity 𝜙𝑐 accounts for scenarios of hydrates clogging
pore throats and disconnecting fluid-filled pores. It is defined by the
product between the saturation of hydrates at which effective perme-
ability is reduced to zero (𝑚𝑎𝑥𝑆ℎ), and the hydrate-free porosity (𝜙0).
𝜙𝑐 = 𝜙0 ⋅ (1 − 𝑚𝑎𝑥𝑆ℎ).

This approach is similar to the Tokyo model proposed by MASUDA
(1997). In both models (Eqs. (5) and (6)), exponents 𝑚 and 𝑁 steer the
rate by which permeability is reduced. No particular restrictions are
given regarding the magnitude of parameters 𝑚 and 𝑁 . These fitting
parameters accept a wide range of values aimed to make the models fit
different scenarios (Fig. 5). Dai and Seol (2014) linked the magnitude of
this parameter with pore habits and found that it can vary from 𝑁=1.25
for sediments with uniform cementing hydrate, to 𝑁=25 for sediments
with uniform pore-filling hydrate.
(

𝑘
𝑘0

)

= (1 − 𝑆ℎ)𝑁 (6)

With the small number of measurements used in this study and
the fact that all of them are done in the presence of three phases, it
was impractical to attempt finding values for parameters 𝑚 and 𝜙𝑐 .

herefore, base values were taken from Birkedal et al. (2014).
Regarding 2-phase flow, T+H keeps the relative permeability model

nchanged. However, it uses hydrate saturation (𝑆ℎ) and the perme-
bility reduction factor (𝑘𝑟𝐹 ) to obtain the magnitude of effective fluid
4

hase permeability. This involves normalizing the fluid flow saturations
Fig. 5. Hydrate reduction of absolute permeability. Exponent 𝑚 and critical porosity
𝜙𝑐 are fitting parameters. 𝑚 determines the shape of the curve or the rate at which
permeability is reduced. 𝜙𝑐 scales the curve on 𝑥-axis and sets the point at which
permeability is reduced to zero.

(Eqs. (7) and (8)). Solid phases are no longer included as they are an
extension of the matrix.

𝑆∗
𝑔 =

𝑆𝑔
(

𝑆𝑔 + 𝑆𝑤
) =

𝑆𝑔
(

1 − 𝑆ℎ
) (7)

𝑆∗
𝑤 =

𝑆𝑤
(

𝑆𝑔 + 𝑆𝑤
) =

𝑆𝑤
(

1 − 𝑆ℎ
) (8)

These new saturations yield a new relative permeability from Eqs.
(3) and (2). To evaluate the effective phase permeability in hydrate
bearing systems the relative permeability is ‘scaled down’ by the per-
meability reduction factor (Eqs. (9) and (10)).

𝑘𝑤 = 𝑘0 ⋅ 𝑘𝑟𝐹 (𝑆ℎ) ⋅ 𝑘𝑟𝑤(𝑆∗
𝑤) (9)

𝑘𝑔 = 𝑘0 ⋅ 𝑘𝑟𝐹 (𝑆ℎ) ⋅ 𝑘𝑟𝑔(𝑆∗
𝑔 ) (10)

Capillary pressure was defined by the van Genuchten model (van
enuchten, 1980), with capillary pressure (𝑃𝑐𝑎𝑝) as a function of water

aturation (𝑆𝑤), with no hysteresis considered (Fig. 5, Eq. (11)). The
emaining terms are fitting parameters set by the user. The only con-
ition is that the magnitude of residual water saturation (𝑆𝑖𝑟𝑤) should
e smaller than the corresponding parameter in Eqs. (2) and (3). The
agnitude of each of these parameters was defined to fit experimental

alues for capillary entry pressure run on Bentheim sandstone (Raeesi
t al., 2014).

𝑐𝑎𝑝 = −𝑃0

[

(

𝑆∗)1∕𝜆 − 1
]1−𝜆

where 𝑆∗ =
𝑆𝑤 − 𝑆𝑖𝑟𝑤
𝑆𝑚𝑥𝑤 − 𝑆𝑖𝑟𝑤

(11)

As hydrates grow, capillary pressure is scaled with the Leverett
model, defined in Eq. (12). Both the hydrate-bearing and hydrate-free
porosity and permeability from Eqs. (4) and (5) are used as input. As
hydrates are an extension of the matrix, the resulting scaled capillary
pressure will reflect a reduction on the effective radii of the pore throats
(Fig. 6).

𝑃 ∗
𝑐𝑎𝑝 = 𝑃𝑐𝑎𝑝

√

𝑘0
𝑘

⋅
𝜙
𝜙0

(12)

2.1. Model setup

Several numerical simulations in T+H were set to simulate each
experiment (Fig. 7). Gridding focused on representing the sandstone
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Fig. 6. In dark blue, capillary pressure curve based on van Genuchten model.
Parameters 𝑃0 and 𝑆𝑖𝑟𝑤 are highlighted in dark red. In lighter shades of blue, the
scaled capillary pressure curves using Leverett model for different hydrate saturation
values. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. Overview of simulations set in T+H for each experiment.

core and its interaction with its surroundings with regards to both mass
and heat fluxes (Fig. 8).

2.1.1. Single cell simulation
The first set of simulation cases was done on a 1-dimensional

representation of the system. This was a material balance exercise to
estimate the total saturation of phases and concentration of salinity that
an initial mix of brine and methane can yield after cooling down the
system. The grid consists of a single element connected to two adjacent
boundaries. The cell is initialized with the pre-hydrate fluid saturation
values 1 at 20 ◦C and 8.3 MPa. The adjacent cells are thermodynamic
oundaries, set to deliver the heat and mass fluxes necessary to keep
he pressure constant and cooling the system down to 4 ◦C. These

simulations were run using the equilibrium model. For comparative
purposes, these simulations were reproduced using the kinetic model.

2.1.2. Full core model setup
The horizontal 2-dimensional cartesian grid representation dis-

played in Fig. 1 was used to simulate core flooding experiments after
hydrate formation. Length and width of the full grid are close to the
5

length ( 14.8 cm) and diameter ( 5.2 cm) of the core. In comparison
to a 3-dimensional model, by reducing the problem by one dimension,
the computational cost is minimized without compromising the quality
of the results (Birkedal et al., 2014).

Surrounding the grid, boundary conditions were set to emulate
the physical elements surrounding core in the experimental setup. To
emulate the cooling system, the outer edge of the grid was set to steer
and maintain the temperature constant. Permeability and porosity were
set to zero, so no mass exchange occurs with the rest of the system.

In between the edge of the grid and the grid representation of
the core, grid elements were set to represent the physical elements
separating the core from the cooling source such as the steel pieces,
the rubber sleeve and the confining fluid. Similarly, permeability and
porosity are set to zero to avoid any mass exchange. The main purpose
of these grid elements is to steer heat fluxes to emulate the cooling
process of the core.

The edges along the 𝑦-axis are to represent the flow lines that inject
and produce gas. This boundary is also initially set a thermodynamic
boundary that actively steer the mass fluxes to sustain pressure.

The main grid is set to represent a Bentheimer sandstone core like
the one used in the experiments. Different input parameters are set to
describe the physical properties of the medium (Table 2). Similarly,
parameters to define relative permeability relationship (Eqs. (3) and
(2)) and effect of hydrates in porous media are included (Eq. (5)).

2.1.3. Full core model simulations
The full core grid was used to set up simulations of the core flooding

experiments after hydrate formation. For pre-cooling conditions, porous
media contain only two fluid phases, methane and brine, and simula-
tion was not needed. Effective permeability was calculated by using the
initial saturations of each experiment (Table 1) and Eq. (3).

Initialization at post-cooling conditions. For each experiment, a
set of simulations were initialized using the final saturations of gas,
brine and hydrate achieved experimentally (Table 1). These simulations
were run using the kinetic model.

For initialization of these simulations, distribution of phases was set
both homogeneously and heterogeneously. A homogeneous distribution
was defined in a way that every single cell of the grid would initialize
with the same values of saturation for all three phases. Heterogeneous
distributions were set by using a random distribution of values for
hydrate saturation. The values of each distribution are truncated be-
tween 0 and 1 and their average match the value measured. Multiple
variations of standard deviation were set to cover a range of saturation
from a narrow (±2 vol.%) to a broad (±50 vol.%) distribution. Fig. 10
shows the resulting distribution of phases for case B, when hydrate
saturation has a variance of 36%.

The remaining fluid phases were defined so the bulk saturations of
the entire grid would match the experimental values. Capillary effect
was considered by setting up simulations with and without capillary
pressure scaling. In the simulations without scaling capillary pressure,
the fluid phase saturations are set keeping the proportions of the bulk
measurements. When capillary pressure scaling is enabled, the distribu-
tion of the aqueous phase must be set so the system is in equilibrium
in terms of pressure. Eqs. (11) and (12) yield a different capillary
pressure (𝑃𝑐𝑎𝑝) curve for every value of hydrate saturation. Therefore,
for each experiment and grid cell a value of capillary pressure has been
determined by solving Eq. (11) for brine saturation (𝑆𝑤) and that keeps
the bulk volumes of all phases equal to the experimental measurements.
This yields an accommodation of phases were the remaining pore space
in grid cells with a high amount of hydrates is filled mainly by brine
and gas fill the cells as hydrate saturation decreases (Figs. 9 and 10).

Flooding. Core flooding simulations were set for both pre- and post-
cooling conditions. Pressure at the inlet boundary was set higher than
the outlet boundary to induce gas flooding. This pressure difference
was set small enough to guarantee that only gas flows in and out of
the system and minimal mobilization of brine and phase changes would

occur. Effective gas permeability (𝑘𝑔,𝑒𝑓𝑓 ) was calculated by Darcy’s law
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Fig. 8. (a) Cross-sectional view of the composite core holder. Modified from Husebø (2008). (b) Illustration of the numerical system based on the figure above. A no-flow (Neuman)
boundary surrounds the system.
Fig. 9. Schematic representation of how fluid phase saturations are initialized in this
study. When no hydrates effect on capillary pressure is considered, fluid phases are
defined with the same proportion (left). When hydrates have an effect on capillary
pressure (capillary pressure scaling), fluid phases are constrained by the capillary
pressure function defined (right). Gas can only invade the larger pores and as hydrate
saturation increases, the remaining pore space will be predominantly filled by brine.

defined in Eq. (13). 𝜇𝑔 is viscosity, 𝛥𝑥 is the length of the grid in
the horizontal axis, 𝑄 is the volumetric flow across the vertical cross
6

𝑔

section of the grid, and 𝛥𝑃 is the pressure difference between inlet and
outlet of the grid.

𝑘𝑔,𝑒𝑓𝑓 = 𝜇𝑔 . ⋅
𝛥𝑥 ⋅𝑄𝑔

𝛥𝑃
(13)

3. Results and discussion

3.1. Hydrate formation:1-dimensional model

Simulations using the 1-dimensional model are displayed in Table 3.
Hydrate formation yields an increase of salinity from 3.5 to 14 wt%
NaCl, which matches the inhibition level of methane hydrate with
NaCl at 8.3 MPa and 4 ◦C, confirming that the system has reached
equilibrium. Fig. 11 shows the comparison between these simulations
and the laboratory experiments.

In general, all simulations yielded equal or more hydrates than the
experiments. All phase saturations showed variations in comparison to
the experimental results. Largest variations are observed in final brine
and hydrate saturation. Experiment A was initialized with the highest
gas saturation (54 vol. %). Its simulation matched experimental results
within the range of uncertainty.

Experiments B, C, D and E were initialized with a gas saturation
between 46 and 47 vol. %. However, they all yielded different amounts
of hydrates (45–51 vol. %) reflecting a limitation on the repeatability
of results. Numerically, these simulations yielded more hydrates than
any of the experiments (53 vol.%).
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Fig. 10. Heterogeneous distribution of phases set for case B. The bulk phase saturations are equal to those obtained experimentally (𝑆ℎ = 47%, 𝑆𝑔 = 36%, 𝑆𝑤 = 17%). At a grid cell
level, the magnitude for hydrate saturation is set randomly using a normal distribution defined by the measured hydrate saturation as its mean (47%), and a variance of ±36%.
When no hydrate present does not affect capillary pressure (top figure), the non-hydrate filled pore space is set proportionally to the measurements of gas an brine saturation
(𝑆𝑔 = 36%, 𝑆𝑤 = 17%). To account for the effect of hydrates on capillary pressure (bottom figure), fluid phases are redistributed to achieve equilibrium.
Table 3
Comparison between saturation and salinity before and after cooling from single cell (1-dimensional) simulation for each
experiment. 𝑆𝑤, 𝑆𝑔 and 𝑆ℎ are volume fraction saturations for brine, gas and hydrate respectively. 𝑋𝑖𝑛ℎ is salinity concentration.

Exp. ID Input (T=20 ◦C) Output (T=4 ◦C)

𝑆𝑤 𝑆𝑔 𝑋𝑖𝑛ℎ 𝑆𝑤 𝑆𝑔 𝑆ℎ 𝑋𝑖𝑛ℎ

A 4.60E−01 5.40E−01 3.50E−02 9.88E−02 4.47E−01 4.54E−01 1.40E−01
B 5.30E−01 4.70E−01 3.50E−02 1.14E−01 3.63E−01 5.23E−01 1.40E−01
C 5.40E−01 4.60E−01 3.50E−02 1.16E−01 3.51E−01 5.33E−01 1.40E−01
D 5.40E−01 4.60E−01 3.50E−02 1.16E−01 3.51E−01 5.33E−01 1.40E−01
E 5.40E−01 4.60E−01 3.50E−02 1.16E−01 3.51E−01 5.33E−01 1.40E−01
F 6.40E−01 3.60E−01 3.50E−02 1.37E−01 2.31E−01 6.32E−01 1.40E−01
G 6.40E−01 3.60E−01 3.50E−02 1.37E−01 2.31E−01 6.32E−01 1.40E−01
H 7.30E−01 2.70E−01 3.50E−02 1.57E−01 1.23E−01 7.20E−01 1.40E−01
This pattern was repeated in experiments F and G. Both experiments
were initialized with less gas than previous experiments (36 vol.%).
The amount of hydrates formed was not reproduced experimentally
either (53–61 vol.%), and such amount was less than the one formed
numerically (63 vol.%).

Finally, experiment H was initialized with the lowest gas saturation
(27 vol.%). The discrepancies between simulations and experiments
were higher in this case. Simulation of this experiment yielded almost
twice the hydrates formed experimentally and a third of the brine.
Simulated final gas saturation was also a fraction of the experimental
measurement.

In experiments B to H, as more hydrates are formed, the final brine
saturation decreased correspondingly. Gas saturation remained similar
in all experiments but experiment H, where final gas saturation is close
to two thirds of the value obtained in the lab.

Whereas the experiments are constrained by both equilibrium and
kinetics, the single cell simulations are in equilibrium and are only con-
strained by pressure, temperature and initial fluid in place. They return
a material balance with no regard of the porous medium properties,
7

where both cooling and hydrate formation occur homogeneously. These
results can be regarded as the potential maximum amount of hydrates a
given distribution of gas and brine can yield. The discrepancy between
these and the experimental measurements suggests that experiments
are not being able to form as much hydrates as they could potentially
form.

Experimentally, gas must move throughout the core, limited by the
intrinsic permeability of the porous medium and its initial saturation.
As hydrates start forming, these are not formed homogeneously. At the
pore scale, nucleation of hydrate will occur if both gas and brine are
present. However, as hydrates form these will consume both phases and
will need supply of either to form more hydrates. The rate at which
more gas arrives will be limited by the reduced gas saturation. If all
gas is consumed in a region of the core, such region is left with only
hydrate and brine. In order to have more gas invading this sector, this
stream of gas has to overcome the capillary entry pressure. In addition,
the random nature of hydrate nucleation most likely creates stochastic
flow barriers that progressively limit the flow. So, a low amount of
hydrates returned by experiments, could be caused by gas not being
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Fig. 11. Overview of phase saturations measured before and after cooling down. In a
lighter shade of colour, modelled saturations from single cell simulations are added for
comparison. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

able to reach inner parts of the core due to hydrates limiting flow. They
can also be caused by portions of the core saturated with either gas or
brine with few contact points.

This is reflected in the fact that simulations yielded more hydrates
in all cases but experiment A. Experiment A has the highest initial
saturation of gas (𝑆𝑔0) which means the initial effective permeability
of gas (𝑘𝑔0) is higher than any other experiment, allowing more gas
to flow in the core as hydrates form. In contrast, experiment H has
the lowest 𝑆𝑔0 and its simulation returned the largest discrepancy in
hydrate saturation (𝑆ℎ). This means, although there is an excess of
brine, it can only form hydrates with the gas that is in contact with
brine. By the time hydrates start growing, gas supply is limited to reach
remaining brine.

3.2. Hydrate effects on gas permeability

For the full core model simulations, methane relative permeability
estimations were produced for cases with both a homogeneous and
a heterogeneous distribution of fluid and solid phases. Simulations
using a homogeneous distribution of phases, always returned a relative
permeability higher than experiments (Table 4). Setting exponent m
in Eq. (5) as 3, experiment A produced a value about 6 times higher
than the measured value. This difference becomes higher in the re-
maining experiments, modelled values may be four orders of magnitude
higher than the experimental values.

When 𝑚 of Eq. (5) is increased to 5.4, methane permeability de-
creases but the modelled results are still higher than experimental ones
(Table 4). Modelled methane relative permeability for experiment A
has a magnitude close to the measured value. However, remaining
experiments show a variation of modelled values up to 3 orders of
magnitude higher than the measured ones.

As control points, relative permeability was also estimated by using
the input phase saturations and the models defining equations (Eqs. (5)
and (10)). The small change discrepancy between both values (Table 4
columns from EQ and simulated) respond to small changes in hydrate
saturation during flooding, but still not high enough to change the bulk
8

saturation of the grid.
These simulations show that the permeability reduction model
(Eq. (5)) is not able to provide a unique solution that matches the
experimental results. This suggests that reductions in gas relative
permeability 𝑘𝑟𝑔 may not be caused exclusively by the permeability
reduction factor 𝐾𝑟𝐹 .

By being a function of hydrate saturation (𝑆ℎ), this model (Eq. (5))
does not account for changes in pore geometry caused by hydrate for-
mation. Though the model is flexible to set the decrease of permeability
to fit different pore habits (Dai and Seol, 2014), it does not consider the
occurrence of multiple pore habits in a single lithology or the shifting
between different habits with the change of hydrate saturation (Teng
and Zhang, 2020). Dai and Seol (2014) have pointed out that in these
types of models, the determination of fitting parameters like 𝑁 or 𝑚
lack a sound physical foundation and cannot be estimated based on
lithology or other remotely detectable reservoir parameters.

These observations and the unlikelihood of having a homogeneous
distribution of both fluid and hydrate justify testing a stochastic dis-
tribution of hydrates, closer to the ‘‘patchy’’ pattern that has been
observed in hydrate-bearing sediments (Fig. 1).

A heterogeneous distribution of solid phases causes a reduction of
the effective gas permeability. When the hydrate effect on capillary
pressure is not considered (Fig. 12 left), permeability gets progressively
smaller as the distribution of hydrates is more heterogeneous. With
the broadest distribution permeability decreased by near one order of
magnitude in all experiments. However, in this scenario, fluid phase
saturations are proportional to the bulk saturations of the core (Fig. 9
left).

When the hydrate effect on capillary pressure is considered (12
right), the change from homogeneous to heterogeneous is more pro-
nounced than in the previous simulations. This decline ranged from
1 order of magnitude lower in experiment A to almost 3 orders of
magnitude in experiment H. The main reason for such decrease is
that the capillary entry pressure in each cell has been scaled up by
the hydrate saturation (Eq. (12)). Higher capillary pressure results in
gas being accommodated preferentially to the cells with lower hydrate
saturation. On the other end, cells with higher hydrate saturation will
have the remaining pore space filled mainly by brine (Fig. 12 left).
Injected gas is then able to move through those cells with low hydrate
saturation. In contrast, its flow will be limited in the remaining cells by
both hydrate and the low saturation of gas.

The set of simulations that considers the effect of hydrates on
both capillary pressure and permeability yields results closer to those
obtained experimentally (see Fig. 12). However, there is still a gap be-
tween modelled and measured values of methane relative permeability.
Modelled results for experiment A yielded a close match for the two
broadest distributions (𝜎 = ±36 vol.%, ±50 vol.%). To a lesser degree,
a similar situation was observed in experiment B. However, remaining
simulations returned values between one and two orders of magnitude
higher than laboratory measurements (see Fig. 13).

The results suggest that the impact of a random pattern of hydrate
growth on effective fluid flow cause reductions of relative permeability
close to those observed in the laboratory. The same mechanism may
also explain the limitations that can constrain the flow of gas and limit
the amount of hydrates formed during cooling.

However, there are still gaps to achieve a better match between
simulations and experiments. Such gaps are not necessarily explained
only by the uncertainty of the input to the models, but can be caused
by processes, that are not represented by the model.

Variations on experiments results that were initialized with similar
phase saturations (B, C, D, E and F, G) suggest that the resulting
distribution of hydrates may not be only heterogeneous but may follow
a preferential pattern constrained by the rate at which the system was
cooled down internally. A scenario where initial nucleation is located
towards the outer rim of the core is possible. In this situation the edges
of the core will meet the conditions to form hydrate first, and therefore

limit the flow of gas towards the inner part of the core. This yields a
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Table 4
Comparison between methane measured and modelled methane relative permeability Modelled values include preliminary
calculations using Eq. (10) and simulated obtained from Darcy’s law using simulated volumetric flow and differential pressure.
These values include output for two different exponents 𝑚 for Eq. (5).
Exp. ID 𝑆ℎ 𝑆𝑔 𝑘𝑟𝑔 [frac.]

[frac.] [frac.] Measured Modelled

±0.02 ±0.02 m=3.0, 𝜙𝑐=0.05 m=5.44, 𝜙𝑐=0.05

From EQ. Simulated From EQ. Simulated

A 0.46 0.44 1.9E−2 ± 0.3E−2 1.11E−01 1.17E−01 2.20E−02 2.28E−02
B 0.47 0.36 1.2E−3 ± 0.4E−3 5.72E−02 6.00E−02 1.08E−02 1.13E−02
C 0.45 0.36 1.7E−6 ± 0.6E−6 5.72E−02 5.60E−02 1.19E−02 1.17E−02
D 0.47 0.36 4.0E−6 ± 1.0E−6 5.72E−02 5.61E−02 1.08E−02 1.06E−02
E 0.51 0.35 1.4E−4 ± 0.5E−4 5.20E−02 5.12E−02 7.95E−03 7.75E−03
F 0.61 0.23 4.0E−7 ± 1.0E−7 1.27E−02 1.33E−02 1.04E−03 1.08E−03
G 0.53 0.24 9.9E−7 ± 0.8E−7 1.49E−02 1.54E−02 2.03E−03 2.11E−03
H 0.37 0.18 7.1E−7 ± 0.8E−7 5.51E−03 5.60E−03 1.65E−03 1.70E−03
Fig. 12. Simulated methane relative permeability versus std deviation of hydrate distribution for simulations considering only hydrate effects on permeability (left) and for
imulations considering hydrate effects on both permeability and capillary pressure. For each experiment, the average phase saturation remains constant, but its standard deviation
hanges from 0 to 50%.
imited amount of gas to form hydrates towards the middle of the core,
nd an effective reduction of permeability along the long axis of the
ore.

The saturation heterogeneities formed during hydrate growth are
robably caused by local consumption of gas and water, as well as
ocal reduction of porosity. These processes will cause driving forces
o change rapidly. However, the effects may disappear or be enhanced
ver the natural timescales. For instance, unless replenished by gas,
ydrates will eventually dissolve and disappear. One may also imagine
rocesses as Ostwald ripening driving changes in the heterogeneities,
erhaps enhancing the appearance of veins and patches.

These observations reflect the challenges of measuring relative gas
ermeability in hydrate bearing sediments. Though it is possible to per-
orm a core flooding procedure with success, the resulting flow of gas
ill be constrained by the internal distribution of hydrates inside the

ore. In addition, the development of capillary barriers will decrease
he flow of gas. Finally, if hydrates are being formed preferentially in
he outer parts of the core, a low saturation of hydrates concentrated in
his part can be enough to further the reduction of effective fluid flow.
9

4. Conclusions

• Experimental characterization and subsequent model implemen-
tation of the heterogeneities is necessary in order to model hy-
drate permeabilities. The impact that the heterogeneous nature of
hydrate formation on sediment has on flow is seen in this study.

• Consistency testing by initial 1D modelling is valuable for com-
paring experimental and calculated bulk saturations. Discrepan-
cies may indicate hydrate driven flow barriers.

• Adding heterogeneities to the hydrate saturation as seen in MRI
experiments, are necessary in order to simulate the experimental
trend of the permeabilities.

• Application of a capillary entry pressure is necessary to model
regions where all the gas been consumed.
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