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Abstract.

In this work, we investigated experimentally the effect of CO: injection in a partially water saturated
sandstone within the CO: hydrate stability zone and the permeability impairment due to CO: hydrates
formation. Experiments have been conducted using a high throughput experimentation setup (CAL-X)
equipped with a coreflooding device allowing experiments to be run on small rock specimens and a cooling
system. CAL-X set-up uses 2D X-ray radiography measurements to monitor changes in fluids saturation in
real-time. Experiments of COz hydrates formation have been performed on a Fontainebleau sandstone core
(with 12% porosity and 312mD permeability) for different initial water (0g/l NaCl) saturations within the
CO2 hydrate stability zone (25 bars and 5°C) under COz injection conditions. We evaluated the loss of CO2
injectivity during the hydrate’s crystallization process for those conditions.

The results showed that CO2 hydrates formation can be detected by X-ray contrast on a 2D X-ray
radiography without any dopant addition, which allowed live tracking of the hydrates formation kinetics
during COz injection. In addition, monitoring the pressure drop across the sample, during continuous CO2
injection, allowed to quantify the loss of injectivity over time whilst the hydrates were being formed. A
memory effect of hydrates formation has been observed in these experimental conditions. It has been used
to trigger the formation of hydrates in the desired pressure and temperature conditions. It was observed that
the higher the initial water saturation, the greater the reduction in injectivity. A variable shift of COx relative
permeability curves was hence characterized before and after the formation of hydrates. Additionally,
clogging of the core sample resulting in total CO2 flow blockage was also observed. These observations
occurred in the case where CO2 hydrates were already present in the pore space and a sudden change of
water saturation, caused by a surge of fluid migration, created a very rapid blockage. In these types of
conditions, there exists a significant risk of rapid decline of injectivity performance.

1 Introduction

One solution to reduce the environmental impact (global
warming and the climate change) of greenhouse gas is to
reinject CO, in underground geological porous
formations. Two kinds of geological formations have
been identified for this purpose: deep saline aquifers and
depleted oil and gas reservoirs. Deep saline aquifers
(basin scale) have the advantage of large potential storage
volumes. However, the uncertainties associated with such
reservoirs are very significant, and require very thorough
characterization to guarantee long-term storage and
ensure operations safety. Depleted gas reservoirs, on the
other hand, generally have smaller storage capacity
(estimated to around 400 Gt compared to 10 Tt for deep
saline aquifers [1]). Yet they have the advantage to be well
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characterized with a known reservoir quality and
geological structure. Moreover, the structural sealing of
these reservoirs is already guaranteed with a known
maximum pressure. Nevertheless, injecting CO; in such
reservoirs can present some operational risks [2], among
which is the injectivity loss due to hydrate formations.
Indeed, in the case of depleted gas reservoirs having low
reservoir pressure, the injected CO; is at higher pressure
(liquid or super-critical CO; state at well head to have
mass flux to make the storage process economically
sustainable) and undergoes a strong expansion. This
expansion can induce a relatively important cooling of the
near wellbore due to the Joule-Thomson effect and
bringing the system into the CO» hydrates stability zone
[3]. In the presence of residual brine, this can lead to the
formation of CO, hydrates in the pore space [4].These
crystallizations increase the volume of immobile phases
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as observed by [5], which can significantly reduce the
permeability to CO; and the well injectivity performance.
In the worst case, it could completely obstruct the
pathway available for CO; and lead to serious operational
issues of the injection well. As a demonstration, [6] have
used a slim tube filled with sand grain to monitor pressure
and temperature during CO, depletion. They clearly
observed a cooling of the system near the outlet of the tube
due to the Joule-Thomson effect. They also observed that
a plugging occurs at the maximum cooling location due to
the formation of CO, hydrates.

To wunderstand the effect of CO, hydrates on
multiphase flow, very few studies have been reported that
reproduce the formation of CO, hydrates in sands or
porous rocks at a laboratory scale while measuring
relative permeabilities. Indeed, unlike conventional two-
phase flow, it is not easy to measure the permeability of
porous media partially saturated with hydrates without
affecting the stability of the hydrate system and thus the
permeability itself. [7, 8] have measured permeability
reduction of a glass beads packing at different initial
partial water saturation after CO, hydrates formed. The
authors compared experimental results to different
existing models. Their results show that the different
tested models (grain coating, pore filling, Masuda's) are
not able to properly reproduce the experimental data over
the tested saturations range. This suggests that the
simplistic assumption used to model hydrates local
distribution are not always valid. [9] have also attempted
to measure relative permeability in the presence of CHy
and CO; hydrates in a porous sandstone. They observed
that at similar gas saturations, relative permeabilities in
presence of CO, hydrates are lower than for CH4 hydrates.
They suggested that growth of CO, hydrates at the water/
CO; interface (water wetting system) would trap more gas
at the centre of pores thus reducing more the gas
permeability in presence of hydrates. It is obvious that the
pore scale mechanisms of hydrates formation and the
resulting local hydrates spatial distribution play an
important role on the macroscopic flow behaviours.
Different work using X-Ray tomography [10-13], or
NMR/MRI and micromodels [14], have illustrated the
complexity and diversity of mechanisms governing
hydrate nucleation and growth.

Given the very different response observed on the
effect of hydrates growth on pore habits and on
permeability impairment, a more efficient and systematic
study is needed. This work presents the first part of a
larger study dedicated to wvalidating experimental
approaches using both X-ray radiography and a mini-core
flood setup to study the injectivity loss of sandstones
cores at various initial water saturations. We describe in
the first section of the paper the experimental setup and
the protocol used to trigger and detect hydrates formation
using X-Ray radiography in a partially saturated
sandstone. In the second section we describe and discuss
how to evaluate relative permeability to CO> in presence
of CO; hydrates.

2 Materials and methods

2.1 X-Ray radiography experimental set-up for
hydrates formation/dissociation study

CAL-X is a state-of-the-art injection platform, allowing to
conduct mini-coreflood experiments under X-Ray
monitoring. The setup is composed of an X-ray
radiography facility, a fully instrumented multi-fluid
injection platform (Fig. 1) and a dedicated X-ray
transparent core holder (Fig. 2). The X-ray facility
consists of a high-power X-ray tube (up to 150 kV and
500 pA) and a high speed-low noise detector allowing
real-time radiography acquisition (up to 30 fps) and
offering sufficient density resolution to use dopant-free
fluids. The different components are embedded in a large
X-ray protection cabinet. The core holder was adapted to
small samples of 10 mm in diameter and 20 mm in length
(Fig. 2), and can be operated at up to 150 bar and between
-20°C and 150 °C. The core holder body was made of
peek polymer to guarantee a maximum of X-ray
transparency and temperature resistance. Each side of the
core holder is equipped with three ports (inlet flow, outlet
flow and pressure tap) as well as a temperature transducer.
Fig. 1 shows a possible connection configuration. The
injection platform is equipped with eight pumps and is
fully automated allowing the control and monitoring of
different parameters (absolute and differential pressure,
temperature, flow rate...).
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Fig. 1. Simplified sketch of CAL-X platform adapted for
hydrates formation/dissociation study: injection lines and
control for the injection system.
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Fig. 2. (left) Thermal insulation system around the coreflood cell
to ensure correct temperature control. (right) X-Ray view of the
core, the injection heads and the multi-layers confinement
sleeve.

In this study, the plug is set in the vertical position to
mitigate gravitational segregation during fluids injection.
Fig. 1 shows the fluids injection lines connected to the
core holder cell. The gas injection lines (in green) allow
injection of CO; or N, through the porous rock (from top
to bottom) or only at the top by sweeping of the core face.
During this study, the gas injection has been imposed
using a mass flow rate controller. The liquid injection
lines (in blue) allow injection of brine or deionized water
in the core (from bottom to top) or only at the bottom of
the core. Liquids are injected using a volume flowrate
controller. Both the gas and liquid injection lines are
connected to the production outlet line (in red). This line
pressure is imposed using a back pressure controller.
Differential pressure lines (in black) are connected to both
the core’s inlet and outlet. The differential pressure is
measured between the core’s inlet and outlet using high
precision differential pressure transducer. Finally, the
confining pressure (lines in orange) is imposed using a
syringe pump. The confining fluid is Isopropyl Alcohol
(IPA), to avoid freezing at low temperature.

The hydrate stability diagram (Fig. 3) shows that low
temperatures need to be reached to form hydrates. For
example, at the pressure of 25 bars, the minimum
temperature required to form hydrates is around 7°C with
deionized water and is lower than -15°C when using a
30%wt NaCl brine. Low temperatures are reached in the
CAL-X platform using a cooling bath, with thermal
insulation all around the coreflood cell (Fig. 2 (left)).
Temperatures are measured in two locations, near to the
core’s top and bottom, using calibrated PT100s
temperature sensors. Finally, the sample is wrapped in
aluminium foil to mitigate CO, diffusion in the FFKM
sleeve, and two PEEK spacers are added between the core
and the injection heads to suppress the capillary contact
between the core and the fluids that might be contained in
the injection heads.

2.2 Brine saturation calculation and interpretation
limit in presence of hydrates

The setup uses an X-ray radiograph taken every 10s to
monitor the experiment. It takes advantage of the
differences in fluids’ X-ray attenuation coefficients to

quantify the fluids saturation in the core. Beer-Lambert's
law, and a volume conservation law resulting in Eq. 1,
give the relation between X-ray attenuation and fluid
saturation. Scoz is the mean CO; saturation, and Iy, Icoz
and I; are the X-ray intensity recorded respectively when
the core is saturated with the brine, with CO,, and at any
given time (for more detail on the saturation computation
see [15]).

G In(ly) — In(ly) Ea 1
COZ ln([b)_ ln(lcoz) q.

This computation is limited to a two phases system with
constant attenuation coefficient over time (brine and CO,
for example), and no longer apply when a third phase (or
more) appears during the experiment. This is especially
the case here when the formation of hydrates is triggered
in the porous rock. The methodology applied with this
setup to process the 2D-radiographies and quantify the
fluids saturations has the following constraints:

1. The computation of fluids saturation is no longer
valid when hydrates form in the porous rock.

2. X-ray attenuations need to be recorded when the
core is alternatively fully saturated with the brine
and the CO,. These recordings constitute the two
references between which the X-Ray attenuation
signal is normalized to compute a fluid saturation
(CO; or brine).

2.3 Experimental procedure to trigger and monitor the
formation of CO: hydrates

This section presents the protocol that has been
established for the CO, hydrates study to fulfil the
following constraints:

(a) target different initial brine or gas saturation before
forming the hydrates,

(b) trigger the formation of hydrates under CO, flow
conditions,

(c) monitor the formation of hydrates using X-Ray,
under CO; flow conditions,

(d) monitor the losses of injectivity during CO,
hydrates formation,

(e) ensure the formation of CO; hydrates only in the
porous media, and avoid their formation within the
injection, production, and pressure lines.

For a core that has not undergone a prior hydrates
formation, a typical workflow involves the following
steps (Fig. 3):

1. The core is initially saturated with the brine at, 25
bar and 5°C (Fig. 3, point A).

2. N is circulated through all the lines connected to
the Hassler cell to produce and dry all the brine
they contain (Figure 1). If the brine contains salt,
this step is limited to production only and avoid
brine drying to prevent salt precipitation in the
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flowing lines. This step aimed to prevent the risk
of brine pollution or inflow during the experiment
and the risk of hydrates formation in those lines.

3. A primary drainage is performed with CO,,
targeting an intermediate water saturation (roughly
in between 10% and 60%). No hydrate formation
is observed at short time at this stage, as hydrates
nucleation is a stochastic process.

4. The temperature is lowered to -5°C, to accelerate
hydrates nucleation (Fig. 3, peint B), while
keeping CO> flowing.

5. The temperature is increased back to 5°C, to
stabilize hydrates and allow ice (if any) to melt
(Fig. 3, point A).

6. The pressure is lowered to 15 bars to dissociate the
hydrates (Fig. 3, point C).

7. A second drainage can be performed to target a
specific gas or brine saturation. Prior to this
drainage, brine can be injected in the core
(spontaneous or forced imbibition) if a higher
brine saturation is targeted for the next hydrates
formation.

8. The pressure is increased back to 25 bars (Fig. 3,
point A). This step is conducted using CO»
circulated at the top of the core, at a higher
flowrate. A higher flowrate is used to mitigate the
possibility of second formation of hydrates
occurring during pressurization step.

9. Once 25 bars are reached, CO; is injected again in
the core. It is during this step that the formation of
hydrates is monitored. The injection is set with a
mass flow controller. The impairment due to
hydrates formation is observed through an increase
of the differential pressure.
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Fig. 3. Phase diagram with CO2 saturation curve and hydrates
stability curve (Og/L NaCl). Points A, B and C show the selected
paths to trigger initial hydrates formation (from A to B), to
trigger hydrates formation afterwards (from B to A) and to
dissociate hydrates later (from A to C).

Steps 6 to 9 can be repeated using different CO; flow
rates to target different brine saturation when forming the
hydrates. Steps 1 to 6 aim to trigger a first formation of
hydrates in the core. A low temperature (around -5°C) is
used to fasten this step. The first experiments conducted
on the CAL-X platform showed that the formation of
hydrates could take more than 6 days to start if this step
was performed at 5°C, as we are closer to the hydrates
stability curve (Fig. 3). Considering this duration, the
formation of hydrates came in competition with core
drying due to the gas circulation in the core. Hence the
necessity to design a protocol that trigger the formation of
hydrates within a short duration, typically in less than one
hour. Lowering the temperature to -5°C has demonstrated
to be an efficient solution to quickly trigger the formation
of hydrates. In steps 7 to 9, we benefit from prior hydrates’
formation (memory effect) to monitor the formation of
hydrates at the targeted experimental conditions (gas
saturation, pressure, and temperature), with no
experimental artefact to trigger the formation. Those steps
can be repeated to monitor the formation of hydrates for
different conditions of gas or brine saturations.

2.4 CO2 Hydrates detection in a porous sandstone
using X-Ray radiography

A critical concern is to ensure that the hydrates formation
can be detected using the X-Ray monitoring. Hydrates
have a higher density than deionized water (around 1100
kg/m3 for CO, hydrates), suggesting their formation
should be detected with an increase of the X-Ray
attenuation. Additionally, the reaction of hydrates
formation leads to a 28% volume expansion of the initial
volume of water (assuming a complete reaction with
excess of CO,). The expansion of a dense phase being
compensated by the expulsion of a light phase (CO,), the
process should also be detected with an increase of the X-
Ray attenuation.

2.4.1 CO, Hydrates initial formation

The experiment starts with CO, drainage (Fig. 4, top,
arrow 1) until a stable saturation is reached (around 57%
of CO; in this example). In this preliminary experiment,
the pressure is set to 24 bars, and the temperature is
around 2.5°C. The experimental conditions are
compatible with the formation of hydrates, and no prior
hydrates formation has been run. Fig. 4 (top, arrow 2)
indicates when hydrates start forming in the porous
media, after more than 8 hours in the hydrate’s stability
area. From this point, the orange plain curve can no longer
be read as a CO, saturation as the saturation computation
no longer holds with the advent of a third phase. It can
only be interpreted in terms of increase or decrease of the
X-Ray attenuation. However, and since we make sure to
be in a steady state regime (i.e., brine saturation cannot
increase) before entering the CO, hydrates stability area,
an increase of the X-Ray attenuation (expressed as a
decrease in the gas saturation, in this X-Ray
normalization), can only be due to CO; hydrate formation.
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2.4.2 CO,Hydrates dissociation

The dissociation of the hydrates can be observed on the
bottom plot of Fig. 4, arrow 3). When the pressure is
decreased to 12 bars, the system is no longer in the hydrate
stability area, leading to their dissociation. The
dissociation is revealed by a decrease in the X-Ray
attenuation (expressed as an increase of the gas saturation,
in this X-Ray normalization). When there is no hydrate
left in the porous media, the orange curve can be
translated in a gas saturation again. One can read a
comparable CO; saturation value (around 57%) than the
one read prior to the first hydrate formation. This
corroborates the hypothesis of no brine expulsion or
inflow during hydrates formation.

2.4.3 CO,Hydrates reformation and “memory effect”

When the pressure is increased back to 24 bars, the
hydrates are formed again (Fig 4. Bottom, arrow 4). It can
be noticed that this second hydrates formation is triggered
earlier than the first one. This effect is referred to as the
“memory effect”. These recordings demonstrate the
suitability of the CAL-X platform to monitor hydrates
formation: hydrates formation signs on the X-Ray with a
notable increase of the X-Ray attenuation.
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Fig. 4. CAL-X recordings during CO2 hydrates formation (top
figure, arrow 2) and dissociation (bottom figure, arrow 3). The
grey shading indicates the time periods where the saturation
curve (orange plain curve) no longer expresses a saturation due
to the additional presence of hydrates in the porous media
triphasic condition).

2.5 Rock petrophysical properties and experimental
conditions.

The same core sample has been used for all the
experiments presented here. The studied porous rock is a
Fontainebleau sandstone (no clay presence) with a
porosity of 12% and an absolute permeability of 312mD
(Table 1).

Table 1. Petrophysical properties (length (L), diameter (D),
porosity (¢p) and absolute permeability (Kw)) of the
Fontainebleau sandstone core selected for the experiments.

“«GDEF" L D @ Kw
core (mm) | (mm) (%) (mD)
properties | 5550 | 968 12.0 312

Table 2 gathers the experimental conditions used
during the experimental program on the Fontainebleau
sandstone. Experiments have been conducted with CO,
and deionized water at 25 bars and 5°C (Fig. 3, point A).
The hydrates stability curve for these conditions is given
in Fig. 3. Deionized water has been used to avoid the
precipitation of salt in the core during the formation of
hydrates (salting out effect), leading to both (1) a shift of
the hydrate’s stability curve (due to the increase of the
remaining brine salinity), and (2) additional injectivity
issues.

Experiment 1 corresponds to the calibrations of the X-
ray attenuation for the different fluids used (100% CO>
and 100% water), while experiments 2 to 5 aimed to
monitor the formation of hydrates and the loss of
injectivity for different initial CO, gas / water saturations.
Those different initial water saturations are obtained by
injecting the CO, at different flow rate.

Table 2.  Experimental conditions applied during the
experimental campaign (“Ref. CO2/W kr” stands for reference
relative permeability experiment and “Hyd.” stands for CO2
hydrates formation experiments).

Exp. Exp. P T Sg/Sw CO, Brine
Ne Type (bars) (°O) (%) State (g/L)
Ref.
1 CO,/W 25 5 -I- gas 0
kr
CO;
2 Hyd. 25 5 87/13 gas 0
CO,
3 Hyd. 25 5 71/29 gas 0
CO,
4 Hyd. 25 5 54/46 gas 0
CO,
5 Hyd. 25 5 50/50 gas 0
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The initial CO; relative permeability curve (KrCO,
curve) has also been characterized during the first
experiment, using the unsteady state technique with
increasing CO» injection flow rates and history match
using CYDAREX™ software. The initial CO; kr-curve is
shown in Fig. 5 (grey plain curve), fitted with a Corey’s
description (see Eq. 2 and Table 3).

To evaluate in a first approximation the relative
permeability of CO, when hydrates forms, a simplistic
analytical model can be used with these assumptions:

(a) all water phase is transformed into hydrates,

(b) simultaneous volumetric expansion of 28% when
water is transformed in hydrates [5].

(c) conservation of initial water mass with no fluid
redistribution (apart local accommodation of the
expansion).

With these assumptions we can consider a simple
variable shift of the CO, relative permeability when
hydrates are formed (noted KrCO: Vol Expan) as a
function of steady water saturation before hydrates form
(Sws), is equal to the relative permeability of CO; at a
water saturation equal to Sws multiplied by the expansion
coefficient (see Eq. 3). The black dashed curve (Fig. 5)
shows the reduction of the initial CO, permeability if a
28% volume expansion of the water is considered
according to Eq. 3. The plain green curve gives the ratio
between the two Kr values, showing the additional
permeability reduction due to the volume expansion only.
For example, at Sw = 50%, the initial Kr COs is estimated
to 0.093. This initial value is reduced to 0.043 when
considering a volume expansion of 28% (0.043 is the Kr
CO; value estimated at Sw = 50%%*1.28 but plotted at Sw
= 50%). In this case, the initial Kr CO, value is reduced
by 50%.

ncoz

Sw — Swi
KrC02(Sw) = Krm (1 —— ) Eq.2
1—Swi
KrC02_Vol_Expan(Sw)
=Krm (1 Eq.3
Sw*1.28 — 5wi)"c"2
1—Swi

Table 3. Corey's fit parameters for the Fontainebleau sandstone
(GDF) core selected for the experiments.

“GDF” core Swi Krm llCOZ
Corey’s (%) (-) (-)
parameters
fit 5.5 0412 235

The black dashed curve (Fig. 5) shows a first simple
evaluation of how the initial KrCO; curve might evolve
during the transformation of the initial brine into hydrates,
given a 28% volume expansion. According to this model

we can see that the reduction of the permeability to CO,
when hydrates form is an increasing function of the water
saturation. It shows that the impact of hydrates formation
is moderate at low water saturation and that it exists a
threshold initial water saturation where the formation of
hydrate can reduce the permeability to CO> to zero. In this
simplistic model, the value of this initial water saturation
threshold is estimated to 0.78.

KrCO2

= = = = KrCO2_Vol_Expan

1

0.75

0.5

KrCO2

0.25

0 0.25 0.5 0.75 1
Sw/Sws (frac.)

Fig. 5. Initial characterization of the CO2 Kr-curve (plain grey
curve). The black dashed curve shows the shift of the initial CO2
kr-curve when considering a 28% volume expansion of the
initial water saturation. The green plain curve shows the ratio
between the two previous curves. Sws is the steady water
saturation before the start of the hydrates formation.

3 Results and discussion

The monitoring of the four experiments is given in Fig. 6
and Fig. 8. On these plots, the time series start when the
formation of the hydrates starts in the porous media.
Experiment 5 (conducted with Sw = 50%) has been
stopped earlier than the others due to technical issues.

The X-Ray monitoring evolution is given in Fig. 6
(top figure) As mentioned above, the previous X-Ray
normalization (Eq. 1) no longer applies with the presence
of a third phase in the core. Therefore, only the first point
of the four curves expresses the initial CO,/water
saturation at which the hydrates are triggered. All the
other points show the evolution of the X-Ray attenuation
as the reaction of hydrates formation is on-going in the
core. In Fig. 6, the bottom plot shows the same data with
the initial value subtracted for an easier curve’s
comparison. With the hypothesis of no additional water
inflow or outflow during this step, these curves show the
quantity of hydrates formed (linear relation). As no prior
X-Ray calibration has been made, these curves are only
qualitative but can be compared one to another, as they
are obtained on the same core sample, using the same
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fluids and experimental conditions. The y-axis of this plot
(hydrates quantity axis) is voluntary let with no unit.

The first observation that can be made is the dynamic
of the process: the formation of hydrates is not
instantaneous and can last for several days. It starts with a
first stage of rapid formation that slowly decreases after
several minutes. Unfortunately, the experiment has not
been designed to last for long durations, and therefore the
stability is not always reached when the experiments are
stopped. A second observation is the quantity of hydrates
formed versus the initial water saturation. Fig. 7 shows
the hydrates quantity recorded 15 hours after the
beginning of the formation (once close to reaching a
stabilization), versus the initial water saturation available
for the formation of hydrates. The hydrates quantity
points are ordered by increasing value of initial water
saturation (more hydrates are formed at Sw = 46% than at
Sw = 13%) but are not linearly scaled: the quantity of
hydrates is not doubled when comparing the two
experiments starting with Sw = 13% and Sw =29%. This
comparison suggests that the formation of hydrates in the
porous rock is not complete: the initial quantity of water
available for the reaction is not entirely transformed into
hydrates. This interpretation is supported by observation
of CO; hydrate formation in 2D micromodel, where it has
been shown that part of the water can be trapped by
hydrates that form a barrier to CO, and inhibit the reaction
[16].
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Fig. 6. (Top figure) X-Ray attenuation monitored during the four
experiments of hydrates formation; (Bottom figure) Quantity of
hydrates formed during those four experiments (see definition
and explanation in the text).
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Fig. 7. Hydrates quantity (no unit) recorded at t =15 hours,
versus the initial water saturation before triggering the hydrates
formations. Sws is the steady water saturation before the starts
of the hydrates formations.

Fig. 8 (top figure) shows the differential pressure (dP)
measured between the core inlet and outlet in the injected
CO; phase, during the formation of hydrates. Some data
are missing for the yellow and grey curves (Sw =29% and
46%) due to a complete or partial obstruction of the
injection lines. Due to that, the monitoring is incomplete
and no stability has been reached for the two experiments.
The increase of dP for these two experiments will be thus
only interpreted as a impairment minima. The four curves
cannot be direclty compared one to another as different
flow rates are used, and the core is at different initial water
satuation (and therefore different effective CO, relative
permeabilities). Yet, they all show the same trend: an
increase of the dP as the hydrates form in the porous rock.
To allow a better comparison, the CO, relative
permeability is computed as time series (Fig. 8, bottom
figure). The latter is refered here as KrCO,_H as they are
obtained during the formation of hydrates. It is computed
using Eq. 4, where QCOx (t) is the CO; volume flow rate
and pCO; is the CO; viscosity. These computations
assume a homogeneous water/CO, saturation along the
core, with no capillary end-effect. No correction has been
applied to account for that, leading to a small
underestimation of the KrCO,_H values (in the sense of
lower values estimated). Correcting these data would be
challenging, as it would assume understanding the effect
of the hydrates on the fluid’s distribution at the local scale
or on the wettability.

Qco2(t) L Hcoz

KrCOZH®O ==~ * % s Eq.4

The four KrCO;_H curves (Fig. 8, bottom figure) show
a slow decrease the core CO, relative permeability during
the formation of hydrates. Although it traduces a
progressive impairment of the core, no complete plugging
was observed for these rock, fluids and experimental
conditions (5°C, 25b). The KrCO,_H values taken at t =
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4h are compared in Fig. 9 for the four experiments, with
the initial KrCO, curve measured for the CO./water
system. These values are also given in Table 4, with the
ratio KrCO, H/KrCO; computed. The latters show that
the injectivity impairment previously oberved when
hdyrates form in the porous media is increasing with the
initial water saturation. This observation was expected as
more hydrates are formed when starting with higher initial
Sw.

The KrCO, H wvalues obtained for the four
experiments are signifcantly lower than the first simplistic
estimation of the Kr- curve discussed previously, obtained
when considering a 28% volume expansion (Fig. 9,
dashed blac curve). For the experiment with 13% of initial
water saturation, the initial KrCO, value is reduced by
38% with the formation of hydrates, leading to a
KrCO; H value of 0.21. An equivalent permeabilty
reduction is obtained for the water/CO; system at Sw =
29% (more than twice the initial 13% value). Equivalent
comparisons can be made for the other experiments. It
suggests that the Kr-curve in the presence of hydrates
cannot be simply scaled using the initial Kr-curve
obtained for the water/CO, system. Indeed different pore
scale mechanismes ocuring during hydrates formation are
responsible of fluid and solid redistribution with locale
phenomen that can have important effect on flow paths
(i.e., growth of hydrates in the throats). The experimental
setup used in this study doesn’t provide the possibility to
investigate those phenomena at the pore scale but only to
run parametric study with different rock types for exemple
or at different fluids composition. Micro-models might
provide an interesting tool to run complementary
experiments and to adresss these questions.
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Fig. 8. (Top figure) Differential pressure monitored during the
four experiments of hydrates formations; (Bottom figure) CO2
relative permeabilities (KrCO2_H) computed for those four

experiments, as function of time and in presence of CO:
hydrates.
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Fig. 9. KrCO:_H estimated at t = 4h for the four experiments, in
presence of hydrates. The plain gray curve shows the initial CO2
Kr-curve initially characterized with CO2 and water. The dashed
gray curve shows the initial COz kr-curve when considering a
28% volume expansion of the initial water saturation. Sws is the
steady water saturation before the start of hydrates formation.

Table 4. KrCO; and KrCO2_H values for the four experiments.
The KrCO2_H are taken at t = 4h (see Fig. 8).

Sw KrCO, Kr CO,_H KrCO2_H/ KrCO,
(frac.) (-) (-) (-)
0.13 0.340 0.210 0.62
0.29 0.210 0.050 0.24
0.46 0.113 0.015 0.13
0.50 0.095 0.013 0.13
Conclusions

Several CO; hydrates formation experiments have been
conducted using the X-Ray experimental setup CAL-X.
This platform allows to trigger and monitor the formation
of hydrates in small rock specimens, under CO; flowing
conditions. The formation of hydrates is monitored
through two aspects: the quantity of hydrates formed and
the injectivity impairment during the hydrate’s formation.
The hydrates’ quantity is observed using the X-ray
attenuation. The interpretation is only qualitative as the
radiography monitoring only allows quantifying a two-
phase system, providing that the references for each phase
are measured.

The increase of hydrates quantity in the porous rock is
detected as an increase of the X-Ray attenuation,
translated into an increase of the brine saturation. The
injectivity impairment is monitored using differential
pressure measurement between the inlet and the outlet of
the coreflood cell. Experiments have been run on a
Fontainebleau sandstone core having a porosity of 12%
and a permeability of 312mD. Experiments are aimed to
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characterize the injectivity impairment during hydrates
formation for different conditions of initial water
saturations.

The experiments conducted to characterize the
injectivity impairments have shown that:

1.

The hydrates formation can last for several days.
Consequently, both the quantity of hydrates
formed in the porous rock and the injectivity
impairment are function of time. As for now, these
curves need to be considered as a minimum of
impairment, as the interpretation is made before
the injectivity impairment reaches a stability (a
plateau of differential pressure). Protocol can take
also advantage of memory effect to optimize the
duration of the experiments.

A reduction of the initial CO; relative permeability
(KrCO,) was observed for the four experiments
due to the formation of hydrates. This reduction is
function of the initial water saturation, i.e., the
available water for the reaction of hydrates
formation.

The conversion of the water into hydrates with
excess of CO; is partial: all the initial quantity of
water is not transformed into hydrates.

The relative permeability curves in the presence of
hydrates (KrCO, H) cannot be simply scaled
using the initial CO; relative permeability curve
(KrCO) and considering a 28% volume expansion
of the initial water saturation. These curves need
the be characterized through experimental work.

Similar experiments will be reported on clayey sandstones
and for perspective work, experiments will be performed
on others rocks types such as chalks; the setup and
experimental protocol should also be adapted to handle
longer experiments, until the stabilization of hydrates
formation. Additional experiments can also be considered
using micro-models to characterize the mechanisms of the
hydrate’s formation and its effect of the remaining fluids,
at the pore scale.
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