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ABSTRACT

A 25 litre autoclave has been developed for
comprehensive investigation of methane hydrate
formation and dissociation process. This reactor
has capability to carry out pressure measurement,
multipoint temperature measurements, ultrasonic
measurement, dynamic gas recovery measurement
and several different types of optical diagnostics
studies. This autoclave facilitates design of gas
recovery strategies from gas hydrate.

A novel technique for forming hydrates of
predetermined hydrate saturation is implemented.
This technique is based on excess gas method and
multi step gas injection. A mathematical expression
is developed to calculate the fraction of moles
utilized in hydrate formation at different stages of
the hydrate formation process. Hydrate saturation
at various gas injection stages is used to estimate.
Furthermore, hydrate is dissociated using
depressurization method. Periodic variation of
pressure oscillation is observed during dissociation
process indicating gas accumulation and release.
The gas hydrate formation and dissociation has
been successfully related to temperature
distribution inside the porous media.

INTRODUCTION

Gas hydrates are solid crystalline compounds in
which hydrogen-bonded water molecules trap gas
molecules (Demirbas, 2010). Humphrey Davy
discovered gas hydrates in 1810, but it remained
only a lab curiosity for decades (Davy, 1811). Gas
hydrates gained significant interest in academia and
industry in the 1930s due to the observation that gas
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hydrates block gas pipelines (Hammerschmidtetal.,
1934). It led to considerable effort for developing
technologies to inhibit gas hydrates formation
(Anderson and Prausnitz, 1986; Samimi, 2012). The
most significant break through for the utilization of
gas hydrates was accomplished in 1964 with the
discovery of gas hydrates in Siberian permafrost
(Makogon, 1965). It is estimated that the global
hydrate-bound methane is 1.82.1 x 10" m’ which is
twice the amount of carbon available in all known
fossil fuels on earth (Kvenvolden, 1988).

Gas recovery from gas hydrates requires its
destabilization. The three primary methods of gas
recovery are (i) depressurization (ii) thermal
stimulation and (iii) inhibitor injection. The
depressurization technique is the method of
lowering the pressure of gas hydrate reservoir below
the hydrate equilibrium, which makes hydrate
unstable, and it dissociates (Liu et al., 2012a).
During depressurization, the free gas layer is
released first, followed by mixed gas and finally
pure gas is released from hydrate (Li et al., 2012).
The thermal stimulation method involves
dissociating hydrates by increasing the in situ
temperature above the gas hydrate equilibrium point
(Tang et al., 2006). Thermal stimulation can be
achieved by injecting substances such as hot water
(Liu et al., 2012b). Li et al., (2008) concluded that
the rate of instantaneous hydrate dissociation
increases with increase in the salinity by hot brine
injection. However, when the salinity is higher than
a certain degree, the rate of instantaneous hydrate
dissociation no longer continues to increase. The
advantage of this method is that the hydrate
decomposition process can be controlled by
regulating the amount and rate of heat injection (Liu
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et al., 2012b). However, the energy required for
thermal stimulation is a challenge to make it
economically feasible. Inhibitor injection method
includes injection of thermodynamic inhibitors
(such as methanol, brine) in hydrate-bearing media
to dissociate hydrates. Inhibitors alter the formation
conditions of hydrate phase equilibrium, which
makes the hydrate system unstable and the hydrate
decomposes (Bishnoi and Dholabhai, 1993;
Mohammadi et al., 2008). However, inhibitors are
expensive and large scale implementation may pose
achallenge.

Sample preparation forms a crucial part in above
hydrate dissociation studies. Very few studies
available with focus on sample preparation for gas
hydrate. Availability of efficient hydrate formation
technique is an important step for carrying out
technology development exercise. The hydrate
formation techniques can be broadly classified (i)
as excess gas method (Tang et al., 2007), (i1)
excess water method (Chong et al., 2018) and
dissolved gas method (Spangenberg et al., 2015).
The excess gas method involves the introduction
of water in porous media followed by the gas
injection at a required over pressure. Hydrate
formation is restricted by the amount of water.
Generally, hydrates grown with above method
illustrate grain cementing behavior in porous
media (Priest et al., 2009).This method leads to
preferential growth of hydrate at grain contacts
which proliferates sediment strength and seismic
velocities at even lower hydrate saturation (Stoll,
1979, Priest et al., 2009). Cementing hydrates are
generally found around the base of gas hydrate
stability region with an underlying formation of
high dissolved methane concentration
(Spangenbergetal.,2015; Rong, 2017).

Excess water method involves the introduction of
a fixed number of gas molecules to porous media
followed by injection of water in excess (Priest et
al., 2009). Hydrate formation is limited by the
amount of gas injected. In this method, hydrates
are not restricted to form at inter-granular contact
in comparison to the excess gas method and form
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pore filling hydrates (Spangenberg et al., 2015;
Rong, 2017). This method simulates pore filling
and load bearing morphology of gas hydrate
formation in geological media (Rong, 2017).
However, hydrate formed in nature is closer to the
hydrate samples prepared using dissolved gas
approach (Haacke et al., 2007). Dissolved gas
approach involves hydrate formation from
dissolved gas. The dissolved gas method is
difficult to implement in the laboratory as it takes a
significant amount of resources including time
(Spangenberg et al., 2005).

Wang et al., (2013) introduced a novel method of
hydrate formation in porous media involving
water injection at multi-steps to obtain the
required hydrate saturation. Here, multi-step
injection of water/gas means the injection of
water/gas is carried out during hydrate formation
at different time intervals. This method is used in
various studies (Li et al., 2002; Li et al., 2012).
Multi step gas and water injection become
essential in a large scale reactor to facilitate
reasonable hydrate saturation because a single
injection will involve requirement of high pressure
injection condition (Wang et al., 2013).

Tupsakhare et al., (2017) used multi-step gas
injection method to form hydrate in a large-scale
reactor. However, their method did not aim to
achieve predetermined hydrate saturation. The
present study demonstrates a multi-step gas
injection technique for obtaining predetermined
hydrate saturations. An expression has been derived
for calculating the fraction of methane moles
utilized during hydrate formation. Subsequently,
dissociation study has been carried out using the
depressurization method at 0.85 of the equilibrium
pressure.

EXPERIMENTAL DETAILS

This section discusses the experimental setup and
procedure for the formation and dissociation of
methane hydrate. The data analysis procedure for
gas injection calculations follows later.
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Experimental Apparatus

Figure 1 shows the experimental set up for
formation and dissociation of methane hydrate and
the photograph of the experimental set up Methane
gas (CH,) of 99.9% purity was obtained from M/s.

Sigma Gases and Services and deionized water has
been from DI plant of Indian Institute of Technology
Kanpur, India. Indian standard sand (Tamil Nadu
Minerals Limited (TAMIN)) of grade I1I was used to
prepare the porous media whose details are
presented in Table 1. The particle size of the sand is
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Fig. 1(b): Photograph of the experimental setup.

ONGC Bulletin Vol. 54, No. 1



Table 1: Experimental details and material properties used in the work.

Molar density of water (C,)

Parameters Value Source

Porous media particle size 0.09-0.5mm [ Tamil Nadu Minerals Limited

Porosity of porous media 0.38 Calculated using bulk density and particle
density

Bulk Density of sand 1642.96 Kg/m® | Experimentally calculated (Kisan etal., 1963)

Permeability 7.27D Kozeny - Carmen equation

Number of Gas Injection stages 3 Experimental operating condition

Water Injected 6Kg Experimental operating condition

Target Hydrate Saturation 0.24 Experimental operating condition

Actual Hydrate Saturation 0.2369 Experimental operating condition

Pore volume 8.59L Calculated

Molar density ofhydrate (C,) 7.35moles/L Chongetal., (2017)

55.5moles/L

Reference temperature for solubility 298.5K Sander (2015)

constant (t,)

Henry's law solubility constant at 0.000014 Sander (2015)

T=298.5K (mol/m’Pa)

Specific volume (V,) 0.071428571 Wangetal., (2013)
(m'/Keg)

Hydrate density (p,) 912 Kg/m’ Wangetal., (2013)

Molecular mass of methane hydrat (M,) | 124 Wangetal., (2013)

Critical temperature of Methane (T,) 190.6K Reidetal., (1987)

Critical pressure of Methane (P,) 4.599 MPa Reidetal., (1987)

Acentric factor of Methane () 0.012 Reidetal., (1987)

Chongetal.,(2017)

in the range of 0.09 mm-0.5 mm with the porosity
and pore volume of the sand bed (V,,,.)equal to 0.38
and 8.59 L respectively. Figure 2 shows the SEM
image of sand illustrating individual grains with
irregular shapes. Gas received from methane
cylinder was boosted using a booster pump to the
desired injection pressure (55 bar) and supplied to
the reactor chamber. The reaction chamber is made
up of SS316 with an internal diameter of 232 mm
and height of 622 mm. The capacity of the reactor is
25 L. Reactor was encased in a jacket of silicon oil
(coolant liquid) to control the temperature of the
reactor. For temperature measurement, the reactor is
equipped with four resistance thermometers with an
accuracy of £ 0.1°C: One pair of thermometer is
located at height of 313 mm and the other pair
located at the height of 326 mm. The radial distance
of each pair of thermometers is 69 mm and 100 mm
from the centre of the reactor respectively. Pressure
transducer with an accuracy of = 0.1 bar is placed at
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the top of the reactor head to record the pressure
changes inside the reactor. Hydrate dissociation
carried out by the depressurization method. The gas
pressure was controlled by a backpressure regulator
with a precision of +£0.01 Bar. The separator placed
after the back-pressure regulator is used to separate
the water from the gas collected. The gasproduction
is measured by a gas flow meter. Temperature and
pressure recordings are acquired in a personal
computer (PC) using the data acquisition system and
asoftware.

Experimental Procedure

Initially, the reactor was cleaned with DI water and
further purged by the nitrogen gas to clean any
impurity. To maintain uniform mixing of water in
sand, layers of required amount of sand and water
ware added in 10 stages. Each stage uses 3.7 Kg sand
and 0.6 Kg of water which finally results in water
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Fig. 2: SEM image of the sand sample illustrating irregular shape of sand particles.

saturation of 0.7 after all the sand layers are added.
Chong et al., (2016) used similar method in
preparing porous media for gas hydrate formation.
The chamber is subsequently closed with the air-
sealed head and evacuated till a vacuum pressure of
IKPa is achieved inside the chamber using a
vacuum pump. The reactor subsequently connected
to the gas supply line for gas injection and purging
with Methane at 10 bar. Gas was injected
subsequently to raise pressure to 55 bar in the first
injection, and data acquisition is initiated to acquire
pressure and temperature. The wall of the reactor
was cooled to 2 °C using chiller. Hydrate formation
inside the autoclave was indicated by an increase of
temperature. The hydrate formation considered to
be completed when there is no drop in pressure of
the autoclave. Subsequently, gas is injected in two
more additional stages.
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Hydrate saturation reached to the desired value after
three gas injection stages. A back pressure regulator
was connected to the outlet of the reactor followed
by gas-water separator and gas flow meter. The back
pressure regulator set at 85% of the equilibrium
pressure, and data acquisition is activated to acquire
the gas dissociation condition. Dissociation of
hydrate considered to be complete when the drop in
pressure ceases for almost 5 hrs.

Gas Injection Calculations

The development of a procedure for obtaining
predetermined hydrate saturation requires
determination of required amount of gas and water
moles, and calculation of saturation of hydrate at
various gas injection stages. Procedure for
determination of gas and water moles requirement is
discussed below:
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The chemical equation for methane hydrate
formation can be represented as below, where N is
the hydration number, which is equal to 6 for
methane hydrates.

CH,+, NH,0 — CH,.NH,O (1)

It assumes that one mole of methane hydrate
requires one mole of methane gas and six moles of
water molecules. The number of moles of gas (#,,)
and water (n,) required for formation of hydrate can
be estimated using the following equations ((2) and
(3)) respectively (Wangetal.,2013).

Rt =V oS00, /M, + VooreSg /ug +n,, (2)
nw :VporeSWpW /MW +NVporeShph /Mh (3)

Where, p, is the density of hydrate formed, M, is the
molecular mass of hydrate, S, is the gas saturation,
n, , 1s the moles of methane in the aqueous form, S,
is the water saturation, p,, is the water density, M, is
the molecular mass of hydrate.

Letus assume that n,, are the total moles of gas needed
to be injected in the first injection stage.
Considering the conservation of gas and water
respectively for hydrate formation process, we can write;

nm,h +nm,a + nm,g = nm (4)
nwh +nw,a :nw (5)
Where, n,, are the moles of methane in hydrate

form, n

> "mg

are the moles of methane in gaseous form,
n, are the moles of methane injected in the first
injection, n,,, are the moles of water converted into
hydrate form, n,, are the moles of water present in
the aqueous form, n, are the moles of water required
to achieve targeted hydrate saturation.

Let, f is the fraction of moles of methane utilized in

hydrate formation to the total moles of gas injected,
which can be written as;
(6)

nh = nm,h = f;nm

Where, n, and n,,, are the moles of hydrate formed
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and moles of methane gas consumed for hydrate
formation respectively. The fraction f is calculated
by substituting n,,, from Eq. (6) in Eq. (4) and using
state relation for n,, ., resulting in;

f + + g =
n n n
t""m m,a ZIQT ) m

Where, P is the pressure of methane, Vg is the
volume occupied by methane gas in the gaseous
phase, Z is the compressibility factor, R is the gas
constant, 7 is the temperature of methane. The
volume occupied by methane gas in the gaseous
phase (V,) can be written considering the volumes
occupied by water (V) and hydrate (V) as,

(7)

-V,-V, (8)
Now, the volume occupied by hydrate and water can
be expressed in terms of molar densities of water

(C,)and hydrate (C,). Thus, we can write,

n n
— wa h
Vo =V pope - — -

rEec, G,

V,=V

pore

9)

Pitzer's correlation (Pitzer, 1955) is used to calculate
the compressibility of the gas and using the gas
critical temperature (T,), pressure (P,) and acentric
factor (w), compressibility factor (Z) is expressed as
below:

T\ |pr TV |pr
Z, =1+ 0.083- 0.422[-6] Ze v 0.139- 0.172[—0] £ (10)

L) BT L) |ET

ct

Utilizing Egs. (9) and (10) in Eq. (7), we have:

nVV,a —
f;nm+nm,a +at(mee_ - BJ_nm

C (D
P n,

a = = —
Where, oRT & B C

water in aqueous state (n, ) from Eq. (5) in the above

Substituting moles of

wa

expression, we get:

n -n
w w,h —
Vpare - C - B - nm

w

.ft‘nm + nm,a +(X‘t

(12)

Using Eq. (6) to account for the number of moles in
hydrate form (n,,), we have,

- (/N
el n_m)'Bj:"m(ls)

w

ftnm +nm,a +O(‘t (Vpore -
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Eq. (13) can be further manipulated to get the
fraction of moles of methane converted to hydrate
(f,) and written as,

A VY 0, (Ve Y ) 1
ﬁ =

14
alV -V)-oct Nn, 1y, (14
pore w C C

w h

Where, y = Z—W Eq. (14) contains moles of methane

w

dissolved in water (m,,) term, which can be
calculated using the concentration of methane in the
aqueous phase (C,). Concentration, C, can be
calculated by using Henry's solubility constant (H)
and partial pressure of that species in the gas phase
under equilibrium conditions (P) as illustrated by

Eq. (14) and using Henry's Law (Sander, 2015).

Moreover, solubility constant values are available at
reference temperature of 298.15 K (7))

H=H”£E)ﬂ3(19oo(l- LDJ (16)
r I

and can be estimated at other temperature using
Eq.(16) (Sander, 2015) as:

Where H” is Henry's law solubility constant at
temperature (7,) = 298.5 K. Now, using 7,=298.15
K, H"=0.000014mol/m’-Pa and 7= 275.15 K, H at
275.15 K is equal to 2.38 X 10.” mol/m’-Pa. The
concentration of methane in aqueous phase atp, = 55
bar is equal to 0.13 moles/L, which is really small.
Therefore, moles of methane gas dissolved in the
aqueous phase is considerably less and may be

H= ¢, (15) neglected. Finally, Eq. (14) can be rewritten as:
D
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Fig.3: Pressure and temperature evolution (at different radial (r) and axial locations (h)) during hydrate formation processes

demonstrating three injection stages.
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oV - Vw)- oct(Vpo,e +y)
t
o (v 'Vw)' at(Nnm_n_m] (17)

pore C Ch

w

Eq. (17) 1is the desired expression to calculate
fraction of moles of methane converted to hydrate.

Hydrate saturation (S,) can be easily calculated
using f; and expressed as;

S — I/h — f;,inm

by cV

pore pore

(18)

For subsequent injections, the generalized equation
utilized for calculating the fraction of moles
converted into hydrate at different injection stages is
givenas,

Ve V) (Ve tY)

(19)
e VY|

w h

Where “i”” denotes the injection stage number. The
values of parameters used to calculate Eq. (17) are
summarized in the Table 1.

RESULTS AND DISCUSSION

The results from the present study have been
discussed in two parts, i.e. gas hydrate formation
and gas hydrate dissociation.

Gas Hydrate Formation

Figure 3 shows evolution of pressure and
temperature during hydrate formation. After the first
injection, pressure stabilizes around 54 Bar. The
equilibrium temperature is 7.5°C at 54 Bar and
reactor temperature is 3°C. The rapid drop in
pressure and increase in temperature occurs due to
initiation of nucleation and formation of hydrate.
The subsequent drop in temperature is attributed to
the cooling by the jacket. Subsequently, intermittent
temperature peaks are observed, which was
attributed to the transport of heat due to hydrate
formation at neighbouring locations in porous
media. These temperature spikes can also occur due
to secondary hydrate formation. Breaking of
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hydrate layer can also lead to further hydrate
formation due to enhanced diffusion of gas through
the hydrate layer. Hydrate formation ceases at
around 50 h. Temperature variation is observed in
the radial direction during hydrate formation. The
temperature away from the wall shows a higher
increase in temperature in comparison to the region
close to the wall because of the cooling at the wall.
This indicates the importance of thermal transport
with in hydrate-bearing porous media. Gas is
subsequently injected in the second stage which
causes pressure to increase from 32 to 55 Bar and
temperature also increases from about 2.4°C to 3°C.
In the second injection stage, hydrate formation
takes plave at a slower rate due to reduction in pore
permeability which causes gas to diffuse slowly.
Formation of hydrate takes place for around 200 h
which is 300% higher than pervious stage and final
equilibrium temperature reached at 32 Bar. The
third stage of formation process takes less time as
fewer moles of gas are injected due to lower void
volume because of the prior hydrate formation.

Hydrate saturation variation with time calculated
using equation 15 is illustrated in figure 4.
Parameters used for calculating hydrate saturation
has been presented in table 1. The difference
between equilibrium pressure and reactor pressure
acts as a driving force for hydrate formation.
Initially, hydrate saturation increases rapidly but
slows down as pressure decreases towards
equilibrium value due to decreased driving force.
However, hydrate saturation increases with
subsequent gas injection and continues to increase
till the the onset of reduction in driving force.
Hydrate saturation trend is similar to the nature of
pressure profile during hydrate formation as
pressure is the most crucial parameter influencing
hydrate formation. Interestingly, hydrate saturation
shows slow decrease during the second and third
injections. This is because gas injection leads to
small increase in temperature which dissociates
hydrate to a small amount. The target saturation of
the experiment and actual hydrate saturation are
equal to 0.24 and 0.237 respectively. This shows the
effectiveness of the technique and Eq. (17).
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Fig. 4: Evolution of hydrate saturation with time during the formation process.

Figure 5 shows experimental conditions
comparison with equilibrium curve obtained using
Colorado School of Mines (CSMHYD during the
entire experiment duration. Figure 5(a) shows
initial cooling step (1-2) and subsequent hydrate
formation step (2-3). However, the initial cooling of
porous media is not included in figure 3. Initial
cooling of porous media ensures conditions for
hydrate formation enters in hydrate stability zone.
Hydrate formation is marked by a rapid decline in
pressure and a slight increase in temperature. Figure
5(b) depicts the second gas injection and hydrate
formation. The second gas injection causes both
pressure and temperature to rise (3-4), and
subsequent hydrate formation causes pressure to
fall again (4-5). Similarly, fig. 5(c) shows third gas
injection stage (5-6) and hydrate formation stage (6-
7). Hydrate dissociation stage (7-9) is illustrated in
figure 5(d) using depressurization at a constant
pressure of 2.7 MPa. Hydrate dissociation consists
of two steps during depressurization. The first step
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includes rapid depressurization from reactor
pressure to production pressure (7-8) and
depressurization at constant production pressure (8-
9). The hydrate dissociation stage is discussed in
detail in the subsequent section.

Gas Hydrate Dissociation

Figure 6 shows the variation of temperature and
pressure during hydrate dissociation using
depressurization. For hydrate dissociation, the back
pressure regulator is set at 2.7 MPa which is 85% of
the equilibrium pressure at 2°C. Free gas release
followed by mixed gas, and finally, gas comes out
from hydrate dissociation. The pressure inside the
reactor shows a periodic variation during hydrate
dissociation. As hydrate dissociates, the back
pressure regulator valve opens to release excess
pressure, which subsequently gets closed due to the
termination of the dissociation process. This is
attributed to the periodic variation inside the reactor.
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Fig.5: Pressure-Temperature condition during different stages with reference to the equilibrium curve: (a) Initial cooling
(1-2) and hydrate formation (2-3); (b) Second injection stage (3-4) and hydrate formation (4-5); (¢) Third injection
stage (5-6) and hydrate formation (6-7); (d) Depressurization from reactor pressure to production pressure (7-8) and

hydrate dissociation at constant pressure (8-9).

Similarly, the cycle of pressure fluctuation
continues till hydrate is completely dissociated at
constant dissociation pressure of 2.7 MPa. Cycles of
pressure fluctuations seen in figure 6 have higher
frequency during the earlier period of hydrate
dissociation because of higher hydrate dissociation
rate. However, the frequency drops as the
dissociation rate becomes slower. Hydrate
dissociation 1is also marked by a decrease in
temperature because of its endothermic nature.
Moreover, the sharp decrease in temperature marks
a higher dissociation rate Zhou et al., 2009).
However, temperature recovers itself after
sometime as it gains heat from surroundings.
Temperature close to the wall shows a quick rise as
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compared to the internal temperature sensors
because of higher cooling at the wall.

Figure 7 shows the instantaneous gas flow rates.
As the depressurization pressure is set, the initial
free gas inside the reactor is released by the back-
pressure regulator which is highlighted in fig. 7
and can be depicted by a sharp rise in flow rate
followed by the actual dissociation of hydrates
triggered due to the deviation from the equilibrium
condition. The actual dissociation of gas is a very
slow process and takes almost 35hrs to complete.
Gas hydrate dissociation process generates water
as per Eq. (1). Significant amount of water has
been collected during hydrate dissociation, i.e., 207 gm.
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Fig. 7: Instantaneous methane gas flow rate during the hydrate dissociation.
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CONCLUSIONS

Methane hydrate formation and dissociation have
been carried out in a 25 L reactor. The formation
process uses a multi step injection process to
produce desired hydrate saturation and circumvent
the large pressure requirement. Multi-point
temperature measurements were carried out to
investigate the temperature distribution inside the
porous media. Important observations from the
present study can be summarized as follows:

e Predetermined saturations level can be achieved
in hydrate-bearing porous media using a multi-
step gas injection method that eliminates the
requirement for higher pressure inside the
reaction chamber.

e Both the fugacity difference between
equilibrium pressure and actual pressure and the
transport within the hydrate-bearing sediments
affect the hydrate formation rate.

e Hydrate dissociation is associated with periodic
variation of pressure due to cycle of pressure
build-up and release during depressurization of
hydrate-bearing porous media.
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Nomenclature

C

a

C
C
i

L.
M,
M

w

N

Concentration of methane in the aqueous
phase (moles/L)

Molar density of hydrate (moles/L)

Molar density of water (moles/L)

Fraction of initial moles utilized for hydrate
formation ata given instant

Fraction of initial moles utilized for hydrate
formation ini" injection

Molecular mass of hydrate (g)

Molecular mass of water (g)

Hydration number

Moles of hydrate formed

Moles of gas required to achieve targeted
hydrate saturation

Moles of methane in the aqueous form
Moles of methane in gaseous form

Moles of methane in hydrate form

Moles of methane injected in the first
injection

Moles of water required to achieve targeted
hydrate saturation

Moles of water present in the aqueous form
Moles of water converted into hydrate form

Gas Pressure (bar)

Partial pressure of that species in the gas
phase under equilibrium conditions (bar)
Real gas constant (KJ/Kg K)
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S, Gas saturation in hydrate form

S, Hydrate Saturation

S, Water Saturation

T Temperature (°C)

v, Volume occupied by methane gas in the
gaseous phase (L)

v, Volume of the hydrate formed (L)

Voore ~ Porevolume of the sand medium (L)

v, Volume of water injected (L)

v, Specific gas consumption (m’/Kg)

[ Density of hydrate formed (Kg/m")

P, Density of water (Kg/m®)

H"  Henry's law solubility constant at T = 298.5
K (mol/m’Pa)

H Henry's law solubility constant (mol/m’Pa)

Z Gas compressibility factor

Greek symbols

p Density (Kg/L)

O Acentric factor

Subscripts

a Aqueous phase

c Critical temperature

g Gasphase

h Hydrate

i Gas injection stage

m Methane gas

t Time

w Water



