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ABSTRACT

A Study of Formation and Dissociation of Gas Hydrate.
(May 2012)
Sadegh Badakhshan Raz, B.S., Sahand University of Technology,
M.S., Sharif University of Technology

Chair of Advisory Committee: Dr. Ahmad Ghassemi

The estimation of gas hydrate volume in closed systems such as pipelines during
shut-in time has a great industrial importance. A method is presented to estimate the
volume of formed or decomposed gas hydrate in closed systems. The method was used
to estimate the volume of formed gas hydrate in a gas hydrate crystallizer under different
subcoolings of 0.2, 0.3, 0.6 and 4.6°C, and initial pressures of 2000 and 2500 psi. The
rate of gas hydrate formation increased with increases in subcooling and initial pressure.
The aim of the second part of the study was the evaluation of the formation of gas
hydrate and ice phases in a super-cooled methane-water system under the cooling rates
of 0.45 and 0.6°C/min, and the initial pressures of 1500, 2000 and 2500 psi, in pure and
standard sea water-methane gas systems. The high cooling rate conditions are likely to
be present in pipelines or around a wellbore producing from gas hydrate reservoir.
Results showed that the initial pressure and the chemical composition of the water had

little effect on the ice and gas hydrate formation temperatures, which were in the range
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of -8+0.2°C in all the tests using the cooling rate of 0.45 "‘C/min. In contrast, the increase
in the cooling rate from 0.45 to 0.6°C/min decreased the ice and gas hydrate formation
temperatures from -8°C to -9°C. In all tests, ice formed immediately after the formation
of gas hydrate with a time lag less than 2 seconds. Finally, an analytical solution was
derived for estimating induced radial and tangential stresses around a wellbore in a gas
hydrate reservoir during gas production. Gas production rates between 0.04 to 0.12 Kg
of gas per second and production times between 0.33 to 8 years were considered.
Increases in production time and production rate induced greater radial and tangential

stresses around the wellbore.
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1. INTRODUCTION

Gas hydrates are metastable crystalline materials consisting of one or more types
of gas molecules inside a molecular cage made out of hydrogen bonded water molecules.
Gas hydrates are considered clatherate substances. Clatherate comes from the Latin word
clathratus which means encaged [1]. The term clatherate is used for materials like
methane hydrate in which a host molecule like water surrounds a guest molecule like
methane. The stability of gas hydrates is affected by parameters such as temperature,
pressure, gas composition and even external electrical fields [2, 3].

The gas hydrates form because of the existence of hydrogen bonds between
water molecules as well as Vander Waals’ forces between water and gas molecules [1].
The existence of hydrogen bonds gives unusual behaviors, such as expansion during
formation, to both ice and gas hydrates. The difference between gas hydrate and ice is
that the ice forms from water in contrast to gas hydrate, which needs dissolved gas
molecules in water in order to form [1].

The most common form of ice crystalline structure is hexagonal structure [1]. In
ice structure, each water molecule is hydrogen bonded to four other water molecules.
These five water molecules form a tetrahedron in which oxygen atoms position on the
vertices of the tetrahedron with angle of 109.5°. The position of water molecules in
tetrahedron structure is shown in Fig. 1. The typical distance between oxygen nuclei in a

tetrahedron’s structure is 2.76 °A [4].

This thesis follows the style of Fuel.



Fig. 1 Tetrahedron forms from water molecules in ice crystalline structure [4].

The most common types of gas hydrate crystalline structures are:

e Structure I: The structure is cubic in which the size of guest gas molecules is
between 4.2°A to 6°A. The examples of these molecules are methane, ethane,
hydrogen sulfide, and carbon dioxide [1].

e Structure Il: The crystalline structure is cubic and forms from gas molecules
with smaller or bigger sizes than the molecules which form structure I. For
example, the structure could form from small gas molecules like hydrogen and
nitrogen with sizes less than 4.2 A or molecules such as propane and iso-butane
with the size of 6°A to 7°A [1].

e Structure H: The structure is hexagonal, and the guest molecules have a size in
the range of 7°A to 9°A. The examples of guest molecules are iso-pentane and

neo-hexane (2, 2-dimethylbutane) [1].



The typical structure of a gas hydrate cage with a guest molecule is shown in Fig. 2.

Fig. 2 The typical atomic structure of gas hydrate. The methane gas is inside the cage

created by hydrogen bonded water molecules [5]

The space created by hydrogen bonded water molecules which accommodates
the gas molecules in gas hydrate atomic lattice is called a cavity. Cavities in gas hydrates
are in the shape of polyhedrons with different types of faces. Jefrry [6] suggested the
nomenclature description of m" for the representation of cavity types in a gas hydrate
structure. In this representation, m is the number of edges in a particular polyhedron face
and n is the number of that particular face in the polyhedron cavity. For example, the
cavity type of 5'* means that the cavity consists of 12 pentagonal faces with equal edge
1262

lengths and equal angles. Similarly, the cavity 5 has 14 faces including 12



pentagonal and 2 hexagonal faces. Some common types of gas hydrate cavities are

shown in Fig. 3.

Fig. 3 Different types of cavities in gas hydrates structure, (a) pentagonal docehedron
(5'%), (b) tetrakaidecahedron, (5'%67), (c) hexakaidecahedron (5'%6%), (d) irregular

docehedron (4°5°6° ) and (e) icosahedrons (5"6% [1].

1.1. Gas Hydrates Resources in Nature

Gas hydrate deposits on earth are the biggest untapped resources of energy in the
world. The estimated amount of organic carbon in the form of gas hydrate in the earth is
10,000 giga tones which contains 100,000 to 300,000,000 trillion cubic feet (Tcf) of gas
[5, 7]. The significance of gas hydrate resources will be recognized when it is considered
that the total amount of non-hydrate gas reserves in the world is just 13,000 Tcf [5]. In
nature, gas hydrate forms in sedimentary rocks that are saturated with gas and water and

maintain a suitable low temperature and high pressure conditions, which make the



formation of hydrate thermodynamically feasible. The deposits of gas hydrate in nature
are located in permafrost and oceanic regions.

The permafrost is the area on earth where the ground temperature is zero or
below zero degrees centigrade. Gas hydrate deposits in those areas occur in or below
permafrost layers. The presence of gas flow from lower strata, low temperatures, and
high pressure conditions in permafrost make it an ideal place for formation of gas
hydrate. Currently, permafrost covers 34.5 million km” or 23% of total land on earth. For
example, permafrost covers 100% of the South Pole, 75% of Alaska, 63% of Canada,

and 62% of Russia [2, 3]. Current permafrost regions are shown in Fig. 4.

B Snow
[7] Sea ice

[ Sea shelves
[[] Sea sheet

B Glacier and ice caps

B Permafrost continuous

B Permafrost discontinuous

Permafrost isolated

Fig. 4. Map of current permafrost regions of the earth [8].



The main factor that affects the formation of gas hydrates in land is the ground
surface temperature. Because of the natural geothermal gradient, the temperature tends
to increase with depth. With an increase of temperature beyond the gas hydrate stability
envelope, the gas hydrate compounds become thermodynamically unstable and start to
decompose. The depth at which the temperature exceeds the equilibrium temperature of
gas hydrate formation is called the base of the gas hydrate stability zone. Consequently,
gas hydrates do not form in areas of earth where permafrost is absent or very limited.

Gas hydrates may form in unconsolidated or semi-consolidated oceanic
sediments. The majority of known gas hydrate resources are found in oceanic
environments since the area of the earth covered by oceans is much greater than the area
covered by permafrost. The oceanic gas hydrate is the most important potential energy
resource, especially for those countries with poor conventional hydrocarbon resources
like Japan and South Korea. A map of some proved or inferred resources of oceanic gas

hydrate near the continental margin is shown in Fig. 5.



World Gas Hydrate

ARCTIC
%f’ = Ll =

OCEAN o
&

g .. - .
: : AN
. ANTARCTIC % o
2 Recovered {_c_ﬂ-'.-ﬂ\./"l!..F_ L

Cat'S A )

@ Infarred e -

o Potential T -

Fig. 5 Map of oceanic gas hydrate distribution near continental margin [9].

Similar to conditions in permafrost, the thermal gradients in both ocean water
and sediments below the ocean floor play a very important role in the formation of gas
hydrates in an oceanic environment. With increase in water depth, the water temperature
decreases. Low temperature conditions on the sea floor in places where water depth is
greater than 500 m create an appropriate thermal condition for gas hydrate formation
[10]. With increasing depth below the sea floor, the temperature increases due to the
geothermal gradient to the point that gas hydrates are not thermodynamically stable. This

point will be the base of the gas hydrate stability zone.



1.2. Research Objectives

Three different subjects were studied in the current research. The research objective
in the first part was the introduction of an efficient and accurate technique for calculating
the volume of formed or decomposed gas hydrate in a closed system according to
pressure and temperature data. The estimation of gas hydrate volume has great
importance in flow assurance and industrial production of gas hydrates for gas storage
and transportation purposes. In the second part of the research, the goal was the study of
the formation of gas hydrates and ice phases under high cooling rate conditions to assess
the effect of different parameters on the ice and gas hydrate formation temperatures.

Formation of gas hydrates and ice around a producing well is an issue in gas
production from gas hydrate reservoirs. Rapid cooling rates due to the Joule-Thompson
effect induced by high production rates cause formation of gas hydrates and ice around
the wellbore which decreases or terminates gas production from the reservoir. In this
part of the research, the formation of ice and gas hydrate phases under different initial
pressures, cooling rates and water chemical compositions are studied.

Finally, in the last section of the research, the objective was the calculation of the
amount of induced stress around a production well in a gas hydrate reservoir. The
estimation of the induced stress around a producing well is a very important step in

wellbore stability evaluation in gas hydrate reservoirs.



2. VOLUMETRIC CALCULATION OF FORMED OR
DECOMPOSED GAS HYDRATE IN ABATCH CRYSTALLIZER

2.1. Introduction

The study of gas hydrate formation and decomposition under different
temperature and pressure conditions has great technical importance in the oil and gas
industry. The assessment of formation conditions of gas hydrate plugs in gas pipelines
and secondary formation of gas hydrates near wellbores during gas production from gas
hydrate-bearing reservoirs are examples with high industrial importance in which gas
hydrate formation plays a main role. In scientific research, the calculation of the amount
of gas that is consumed or generated during gas hydrate formation or decomposition is
the basis of gas hydrate kinetic studies.

As mentioned by Darabonia et al. [11], the semi-batch stirrer crystallizer,
introduced by Vysniauskas and Bishnoi [12] and latter modified by Bishnoi and his
colleagues [13, 14], is commonly used in many kinetic studies [15, 16, 17, 18] and is a
favorable setup in the oil and gas industry. The setup includes a semi-batch stirred tank
reactor which is connected to pressure reservoirs of variable volumes for providing gas
flow during experiments. The system also comprises different control flow valves to
control the gas flow rates for providing the isobaric conditions. As pointed out by
Englezos et al. [13], in gas hydrate kinetic experiments; the limited variation of pressure
has a negligible effect on the calculated kinetic parameter. Therefore, the isobaric
condition is not a necessity during gas hydrate kinetic experiments. Furthermore, the

experiments that aimed to mimic practical situations like the formation of gas hydrates in
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shut-in pipelines have to be done in non-isobaric conditions. The accessories like control
flow valves and variable-volume reservoirs in the system designed by Bishnoi’s group
make the system more costly and more vulnerable to operational problems like gas
leakage.

The current experimental setup and procedure designed by Makogon in the
Department of Petroleum Engineering at Texas A&M University has eliminated all of
the flow control systems as well as additional variable volume reservoirs. The cell needs
a gas cylinder for providing the gas and pressurizing the system and a Ruska pump for
fine adjustment of the pressure. According to the method that is explained in the
following section, the moles of consumed gas as well as the volume of formed or
dissociated gas hydrate were calculated in the cell based solely on the recorded
temperature and pressure of the cell during experiments. The method described here
could also be used for real-time monitoring of the volume of formed gas hydrate in the
industrial size crystallizers.

The method is based on experimentally observed approximate linearity of change
in pressure versus temperature during constant-rate cooling or heating of a water-gas
system in the absence of gas hydrate formation or dissociation. Considering the
negligible effect of small variations in the pressure on the intrinsic kinetic parameters of
gas hydrate formation or decomposition [13], the method can be used in kinetic studies
of gas hydrate formation and decomposition under isothermal conditions. The method

also can be used in gas hydrate experiments under both static and dynamic conditions.
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In the current study, the experimental data on the measurement of gas hydrate
volume were obtained for a pure methane-pure water system. Subcooling temperatures
from 0.2 to 4.6 'C and initial pressures of 2000 and 2500 psi were used to form the gas
hydrate. The pressure range was selected according to the maximum pressure
capabilities in the laboratory. Also, it has been observed experimentally that whiskery
gas hydrate could form at high cooling rates [3]. Therefore, the subcooling was chosen
in a way to prevent whiskery gas hydrate formation. The crystallizer cell was maintained
in an isothermal condition after the start of gas hydrate formation for a period of time with
controlling the temperature using a refrigerator controller. The temperature of the system
was then increased to a temperature above that of the equilibrium of gas hydrate
formation to superheat the system for complete gas hydrate decomposition. The effect of
different subcooling temperatures on the volume of the gas hydrate is also discussed.
Because the method is a basis for the kinetic study of gas hydrate formation and

decomposition, the kinetics of gas hydrates is explained in Appendix A.

2.2. Theoretical Method for Calculation of Gas Hydrate Volume

The basis of the current method used for the calculation of consumed or
generated moles of gas during the formation or decomposition of gas hydrate lies in the
experimentally observed phenomenon that under constant cooling rates, pressure
changes approximately linearly versus temperature when there is no gas hydrate forming

in the system.



12

140

Cooling section

135 4 o
_:—'"-'__-P
J/L—-’"FH____-—-‘"F'!-

1)
U o o o -

<-4 Linear gas- liquid expansion and

contraction region
130 e

Pressure, bar
Start temperature of gas hydrate formation

120 1

115

g FEquilibrium temperature of gas hydrate
decomposition

I
™
I
I
1

1 lﬂ i + + - + + 3 + + 3
11 12 13 14 15 16 17 18 15 20 21
Temprature,"C

Fig. 6 Pressure-temperature curves for gas hydrate formation and decomposition.

This behavior is explained by the fact that without release or absorption of heat
related to the formation or dissociation of gas hydrates, the system only experiences gas
contraction or expansion during cooling or heating processes. The experimental results
of gas hydrate formation and decomposition in a pure methane-pure water system (Fig.
5) show that the pressure versus temperature curve is approximately linear because it is
solely related to gas expansion or contraction in the cell. For calculation of the volume
of gas hydrate formed during the gas hydrate formation experiment, one needs to use the

recorded pressure and temperature data acquired by the data acquisition system. For
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calculation of the amount of gas consumed during gas hydrate formation, it is necessary
to consider the pressure conditions of gas in the following two states:
e Line of real gas contraction or expansion without formation of gas hydrate.

e Real experimental data.

A schematic of a typical pressure-temperature curve during gas hydrate formation is
shown in Fig. 6. For calculation of pressure along a hypothetical line, we need to use the
equation of state for real gases at a given temperature T:

Vi n Z 21
P=P xts—x_ 2.0
1*V*7’li*Zl‘

where P is pressure in MPa and V, Z and n are gas volume, gas compressibility factor
and the amount of methane gas gr-mole in the cell at the pressure P and temperature T.
Also, Pj, Vi, Z; and n; are pressure, temperature, compressibility factor, and moles of gas
in the chamber at the of the test, respectively. The gas under consideration is in a
partially water-filed chamber. But since the solubility of gases like methane is very low
in water (for example the solubility of methane in pure water is 0.000238 in molar
fraction at 298.13K [19]), we assume that the number of moles of gas in the gas phase
remains constant during the cooling and heating cycles. Therefore:

n=n (2.2)
n; could be calculated according to following relationship:

_ bV (2.3)
RT,Z;

n;

MPa.cm?

moleK °

where R is the universal gas constant and is equal to 8.314472
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Gas contraction
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Fig. 7 Schematic of the experimental curve achieved in gas hydrate formation tests

(black curve) and extrapolation of gas contraction line (red line).

After the formation of the gas hydrate (Fig. 5), the P-T curve deviates from a
straight line due to gas consumption during gas hydrate formation. To calculate the
volume of gas consumed at any given temperature, one needs to calculate the
compressibility factor and the volume of gas at the standard condition. The lab
temperature was around 21°C and the pressure at lab was around 1 atm. The temperature
and pressure at the standard condition for gases are [20]:

e Te=0C=273.15K

e P.=1atm=1.01325 bar

The standard volume of gas is calculated under the following two conditions:
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1. The number of moles of gas at standard condition, V., at any pressure (P;) along
the hypothetical contraction line (Fig. 6) occurs at the corresponding temperature T,
shown.

2. The number of moles of gas (gas volume) at standard condition, Vs, hydrate

forming experimental pressure (P,) corresponds to temperature T.

The difference of these two volumes is the volume of consumed gas at the

standard condition. Therefore, we have:

(2.4)

A%,sc:Vsa_Vscz:V1*_*_*—_V2* * *

Considering the value of T in K and Py in bar, we obtain the following relationship.

26958 V,*P, V,*P,
V.. = — (2.5)
g,sc T * ( Zl Zz )

Where volumes Vi, V, and AV s are n cm3, pressures P; and P, are in bar and
temperature T is in K. Since, the expansion coefficient of fluids like water is very low
and on the order of 10™, the change in water volume due to decrease in temperature is
negligible. Therefore, we could consider the volume of water as well as the volume of
gas constant during the test. So we will have:

Vi=V,=V5i=Veeu- Vi, (2.6)
where V,; is initial volume of gas in cm’. So the formula (2.5) changes to:

269.58%V,; P, P,

Vose =——F— * (Z—1 - Z_z) (2.7

The consumed moles of methane gas in the standard condition are (volume of 1 mole of

gas at standard condition is 22414 cm’):
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Al/:q,sc

Neconsumed = m (2.8)

Now, we can calculate the volume of the formed gas hydrate, with the assumption that

the structure is type I, according to the following formula [21]

N * AVg sc (2.9)

V, = 0.000804 =
Pn

where V,, is the volume of formed gas hydrate in cm’, N is the ratio of the number of
water molecules to the number of gas molecules in gas hydrate unit cell, p, is the gas

hydrate density in g—r3 and AV s is the volume of consumed gas in cm’. From formulas
cm ’

(2.7) and (2.9), we will get:

o (- 2D (2.10)

Now, we need to calculate parameters N, z and p, to get the volume of gas

hydrate. For the calculation of parameter N, the gas hydrate structure is considered to be
type I with 6 large cavities of 5'26” and 2 smaller cavities of 5'* in each unit cell. Each
unit cell also contains 46 molecules of water [1]. Considering each cavity contains just
one gas molecule, the ratio of the number of water molecules to the number of gas

molecules in the gas hydrate unit cell, in the ideal case, with full occupancy would be:

46

deal = 2+ 6 =5.75 (2.11)

N;

However, in real conditions, there are always some cavities that contain no gas
molecules and, therefore, the real N parameter is less than 5.75. In this case, N can be

calculated according to the following formula [1, 21]
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46

N = (2.12)
2x0,+6%*0,

where 6, and 0, are the occupancy fraction of cavities type I and type II respectively. 6;

can be calculated by Langmuir adsorption relationship [22].

Ci X fi

6; =
FTI4YR Cx S

(2.13)

C; 1s the Langmuir constant of guest molecule I in 1/bar. The following correlation [23]

is used for the calculation of the Langmuir constant
s B
C; = 10°Exp(A +?) (2.14)

where A and B are constants for methane hydrate and are given in Table 1.

Table 1 The parameters of Eq. (2.14) [23]

Parameter Small cage Large Cage
A -24.027993 -22.683049
B 3134.7529 3080.3857

Also, f; is the fugacity of gas molecule i in the gas hydrate phase in bar. In
equilibrium, the fugacities of gas in all phases are equal and, therefore, the fugacity of
gas in the gas hydrate lattice is equal to the fugacity of the gas molecule in the gas phase.
In the case of methane hydrate, the vapor pressure of water in the gas phase is very low

and, therefore, it could be assumed that the fugacity of methane in the gas phase is equal
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to the fugacity of pure methane at same pressure and temperature conditions [24, 25].
The fugacity of pure methane is calculated by Duan’s equation of state [26].

According to the definition of density, the density of gas hydrate can be defined
as the ratio of mass in 1 mole of the unit cells of gas hydrate to 6.023x10% times the
volume of gas hydrate unit cell. Therefore, it could be written [1]:

— 46 * MWwater + (2 * 91 + 6% 02) * MWgas
Pn = 6.023 1023 * Vit ceur

(2.15)

where Vit cenn 1S the volume of one unit cell of gas hydrate in cm’. If the type of former
gas is methane, the type of gas hydrate crystal would be type I and the volume of a unit
cell is equal to 1728x10%* cm’[1]. Considering the molecular weight of methane and
water and after simplification of above relationship, the density is equal to:
pr = 0.7956 + 0.03075 * 8, + 0.0922 0, (2.16)
For the calculation of gas compressibility factor, the critical pressure and
temperature of gas need to be calculated according to its chemical composition or its
specific gravity. For this calculation, the method of Piper et al. [27] was used. For the
calculation of gas compressibility factor through a non-iterative method, the method
introduced by Batzle and Wang is used [28]. This method of the calculation of volume
of formed gas hydrate was originally introduced by Makogon [2] with this assumption
that gas compressibility factor is the same in the hypothetical line and experimental
curve at any given temperature. In this research, this assumption is relaxed and a
computer code was written to calculate the moles of consumed or generated gas as well

as the volume of gas hydrate.
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2.2.1. Correlation for Prediction of Gas Hydrate Equilibria
For the prediction of gas hydrate equilibrium formation pressures and
temperatures, the method introduced by Ostergaad et al. [29] was used. According to the
method, the equilibrium gas hydrate pressure at a given temperature for a system of pure

water and different hydrocarbon gases is:

P=exp([c;(y + )3+ 3E + c4E2 + cs] * T + cg(y + ¢7) 73 + cgE, + coE2 + ¢qp
(2.17)
where P is gas hydrate equilibrium formation pressure in kPa, T is temperature in K, v is
the gas specific gravity of hydrate forming hydrocarbons and F,, is defined according to

the following formula

_ fan (2.18)
fn

Fm
where f,, is the total molecular weight of hydrate forming hydrocarbons in the gas
mixture, including methane, ethane, propane and butanes. Also, f,, is the total

molecular weight of non hydrate forming hydrocarbons in the gas mixture. The constants

c; to cjoare mentioned in Table 2.
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Table 2 The parameters used in formula (2.17) [29, 30]

Constant Value
cl 4.5134x107
ca 0.46852
C3 2. 18636x107
Cs -8.417x10™
cs 0.129622
Co 3.6625x10™
¢ -0.485054
cs -5.44376
Co 3.89x107
Cio -29.9351

2.2.2. The Effect of Salts on Gas Hydrate Equilibrium Pressure

The presence of salts in solution causes shift in equilibrium pressures and
temperatures. For the calculation of this shift, the concept of NaCl equivalent weight
percent was used [31, 32]. The procedure for the calculation of NaCl equivalent weight
percent is discussed in references 84 and 85. After the calculation of NaCl equivalent,
the shift in gas hydrate equilibrium temperature could be calculated according to the
following formula [31].
AT = (cIW + c2W2 + c3W3) X (c4 Ln(P) + ¢5) X (¢c6 (PO —1000)+1)

(2.19)
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where W is NaCl equivalent weight percent, P is pressure in KPa and Py is the
equilibrium pressure of gas hydrate formation for a water-gas system without any salt.

Also the coefficients C, to C¢ are given in Table 3.

Table 3 The constants of formula (2.19) [31]

Constant Value
ci 3.534x10™
c 1.375x107
c3 2.433x10™
Cy 4.056x10™
Cs 7.994x10™!
Co 2.250%107

2.2.3. Gas Hydrate Formation below Ice Formation Temperature

Formation of gas hydrate below and above zero degree centigrade does not follow
the same formation pattern because of the potential for ice formation in subzero
temperatures. A model proposed by Ostergaard and Tohidi [33] accounts for formation
of ice which happens after the formation of gas hydrate. According to the model, the
equilibrium formation pressures of gas hydrate below zero degrees centigrade obey

following power law expression.
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P = qT? (2.20)

where P is gas hydrate equilibrium formation pressure in kPa and T is temperature in K.
Also a and b are constants given by the following formula.

a= ay Xexp(a; X poy) (2.21)
where ag = 5.0715x10%%, a; = 3.8207x107 and py is the equilibrium temperature of the
formation of gas hydrate at zero degree C (273.15 K). The constant b is also defined by
the following formula.

_ In(Py) — In(a)
B In(Ty,)

(2.22)

where a is the constant given in formula (2.21) and T,=273.15 K.

2.3. Experimental Setup and Procedure

All the gas hydrate formation and decomposition tests were done in a six-sided
cell designed by Makogon for gas hydrate formation and decomposition experiments
under high pressure and low temperature conditions. The internal volume of the cell is
900 ¢cm’ and its maximum working pressure is 200 bars. The picture of the cell during a

gas hydrate formation experiment is shown in Fig. 7.
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Fig. 8 High pressure cell with six windows used for the formation and decomposition of

gas hydrate.

The reactor is constructed from stainless steel type 316 and has a cubic shape
with windows in all faces. For being able to see the content of the cell, the windows are
chosen from transparent materials. The transparent materials could be chosen from
polycarbonate, silica, or sapphire. The polycarbonate could be used for low to medium
range of temperatures and silica and sapphire glasses are for higher range of
temperatures. For methane hydrate formation, polycarbonate windows were used.
Omega PX 906-7.54 KGV pressure transducer and OL-703 thermistor were used for the
measurement of pressure and temperature. The readouts from pressure and temperature

sensors were acquired and converted to digital signals by National Instrument NI-9219
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data acquisition system. A LabVIEW code was written to record and condition digital
data from the data acquisition system and record them into spreadsheet files.
Simultaneous to pressure and temperature data acquisition, a video stream from
inside the cell was captured by a top camera and recorded by the LabVIEW code.
Turbulence and agitation inside the cell was created by a magnetic stirring system on
which a magnet inside the cell coupled to a U shape magnet outside the cell. The U
shape magnet is mounted on the top of Camfero electrical stirrer equipped with digital
controller for rpm control. The high pressure cell setup is placed inside of Thermoteron
S-16C refrigerator. The refrigerator is equipped with a digital programmable controller

for setting cooling and heating cycles.

«— Analogue to digital converter

“P Pressure Transducer 4_—I I H}’Thermocouple
Data Logging Computer / \

Video camera

N

Av4
VAN

Gas Valve 14—

Pressurized Cell —J

Magnetic stirrer motor

Methane cylinder K /

Refrigerator

Manual syringe pump

Fig. 9 The schematic of experimental apparatus.
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A methane gas cylinder was used to provide methane and pressurize the system.
A manual Ruska syringe pump was used to accurately set the pressure to a desirable

level. The schematic of setup is shown in Fig. 8.

2.3.1. Experimental Procedure

Prior to all experiments, the cell was washed with distilled water and was cleaned
and dried using lens cleaning tissue papers to prevent introducing tissue residuals in the
cell. Then, the open cell was blown with inert nitrogen gas to remove all the remaining
dust that could act as nucleation sites during gas hydrate formation. The cell then was
filled to half of its volume with 557 cm® of distilled water. After closing the cell, the air
was evacuated with a syringe and then purged with methane gas several times to replace
air with methane gas. Then the system was pressurized with pure methane. The
refrigerator was turned on to lower the setup temperature to 20 C. The pressure in the
cell was aligned to a desirable pressure by a manual Ruska pump, then a magnetic stirrer
was turned on and set to 500 rpm. The creation of turbulence in the system by the
magnetic stirrer is crucial for the kinetic study of gas hydrate formation or dissociation
because it suppresses the mass and heat transfer effects so the test results arise solely
from the gas hydrate formation and dissociation kinetics [13]. In the absence of
turbulence, the process of gas hydrate formation involves heat and mass transfer as well
as the kinetics of gas hydrate formation [1, 3]. The cooling cycle was started after
allowing the system to reach a stable and desirable pressure at 20'C. A schematic of the

cooling and heating cycle is shown in Fig. 9.
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At the beginning, the cell temperature was kept at 20°C for the period of time ty,
so the system would reach a desirable pressure. Once the pressure was stabilized in the
cell, a recording of the data was started using LabView software. The system was then
cooled down to a temperature below the equilibrium of gas hydrate formation and kept
at this temperature for period of time t,. During this period of time, the gas hydrate

started to form and the cell pressure started to decrease.

o)
—
2
g 4 4 :
¥ Super heating
g v
et A .
Super cooling
v
Teq +—>
153
Time

Fig. 10 A schematic of the heating and cooling cycle for formation and dissociation of

gas hydrate.

After the system pressure decreased to a certain level, the heating cycle was
started. The cell temperature increased to a certain temperature above the equilibrium

temperature of gas hydrate decomposition to create a desirable super-heating. The cell
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was kept in this isothermal condition until all the gas hydrate crystals decomposed in the
cell and no visual sign of gas hydrate remained in the system. The temperature was then

raised to 20°C and data acquisition was stopped and all the acquired data were saved.

2.3.2. Experimental Results

The results of the cooling and heating tests for formation and dissociation of gas
hydrate are explained in this section. The initial temperature and pressure were 20 C and
2000 psi respectively. Methane gas with purity of 99.99 wt% and double distilled pure
water were used for the formation of the gas hydrate. The cell was cooled down
continuously until gas hydrate started to form in the cell. The temperature at which gas
hydrate started to form was 0.6 C lower than the equilibrium gas hydrate formation
temperature, therefore, the subcooling was equal to 0.6 C. The equilibrium temperature
of gas hydrate formation could be defined by the temperature at which the gas hydrate
equilibrium curve and experimental curve intersect.

The gas hydrate equilibrium formation temperature was 13 °C in this experiment.
The amount of subcooling in the test with respect to the equilibrium gas hydrate
formation temperature, i.e. the intersection of the equilibrium and experimental pressure-
temperature curves, are shown in Fig. 10. After the onset of gas hydrate formation, the

system was kept in an isothermal condition by maintaining a near-constant temperature.
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Fig. 11 Equilibrium and experimental pressure-temperature curves. The subcooling for
this experiment is 0.6 C. The red and blue curves show the equilibrium gas hydrate

formation curve and experimental curve respectively.

As shown in Fig. 10, the equilibrium gas hydrate formation temperature was
13°C, but the gas hydrate started to form at the temperature of 12.4 C under experimental

conditions, and consequently, the super cooling temperature was 0.6 C. In Fig. 11, the
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experimental pressure-temperature curve and the hypothetical line used for calculation

of consumed gas and formed gas hydrate volume are shown.
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Fig. 12 Experimental pressure-temperature curve (blue color) with hypothetical fit line

(red).
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An effort was made to maintain the gas hydrate growth under an isothermal
condition at 12°C. As shown in the graph, the temperature variation around 12°C is
+0.1°C, which shows a good isothermal condition considering the system temperature
control capabilities. Another observation that could be highlighted from Fig. 11 is that
the pressure changes linearly versus temperature before the formation of gas hydrate,
which justifies the validity of the method used in this research for calculation of the
moles of consumed methane gas.

According to the method mentioned in the previous section, the moles of
consumed methane gas during gas hydrate formation were calculated and plotted versus
time as shown in Fig. 12. The dashed line in the graph shows the start temperature of gas
hydrate formation. Also, the graph of calculated volume of formed gas hydrate on the

basis of the moles of consumed gas is shown in Fig. 13.
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Fig. 13 The graph of consumed gas versus time during hydrate formation and growth

process.
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Fig. 14 The graph of formed gas hydrate volume versus time during hydrate formation

and growth process.

For decomposition of the gas hydrate formed in the cell, the system was heated
continuously to decompose the formed gas hydrate completely. The pressure-
temperature curve during the heating process is shown in Fig. 14. As shown in Fig. 14,
the pressure—temperature curve is approximately linear after the complete decomposition

of gas hydrate, which shows the expansion of methane gas during this period.
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Fig. 15 Experimental pressure-temperature curve during heating period.

Similar to the cooling period, the moles of generated gas during gas hydrate
decomposition are calculated and shown in Fig. 15. Also, the graph of the volume of gas

hydrate in the cell versus time is shown in Fig. 16.



34

Gas Hydrate decomposition area

014 1 I l

0.12 1

01

0.08 -

Mole of consumed gas at given temperature

002

0 T T T
11500 12000 12500 13000 13500 14000 14500 15000 15500 16000

Time, Seconds

Fig. 16 The volume of consumed gas during heating process.

As shown in Fig. 15, the moles of methane gas in the gas hydrate phase decreases
with time because of gas hydrate decomposition. Similarly, the volume of gas hydrate
decreases with time, as can be seen in Fig. 16. The decrease in gas hydrate volume

shows the continuation of the gas hydrate decomposition process.
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Fig. 17 The volume of gas hydrate during heating period.

For comparison of the effect of different subcoolings on the amount of consumed
moles of methane gas during gas hydrate formation, the experiments have been carried
out with subcooling temperatures of 0.2, 0.3, 0.6 and 4.6 C and initial pressures of 2000
and 2500 psi. All the results of experiments are plotted on the same graph. The start time
of gas hydrate formation is considered as a time zero in the graph. The results are shown

in Fig. 17.
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As shown in the plot, with increase in initial pressure and subcooling
temperatures, the amount of consumed gas is increased. This result indicates that there
is a higher driving force for gas hydrate formation when initial pressure and subcooling
temperature is increased. The results of these experiments support those obtained by

Englezos et al., which show that gas hydrate forms faster at higher pressures [13].
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Fig. 18 The plots of consumed moles of methane gas during formation of gas hydrate

versus time under different subcooling and initial pressure conditions.
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3. FORMATION OF ICE AND GAS HYDRATE UNDER HIGH
COOLING RATES

3.1. Introduction

Production of gas hydrate by the depressurization method is the most favorable
method among three methods of gas production from gas hydrate bearing sediments
because of its simplicity, technical and economic advantages over the thermal and
chemical stimulation methods [34]. The results of past research show a high rate of gas
production from gas hydrate reservoirs could be obtained by lowering wellbore pressure
to make an appropriate drawdown pressure. The results of gas production simulation
from gas hydrate deposits in Prudhoe Bay L-Pad in the arctic region of north Alaska
showed the maximum sustained production rate of 100,000 m*/day (3.5 MMscf/day)
could be obtained by lowering the downhole pressure from the initial pressure of 7.3
MPa to 2.7 MPa [35, 36]. Makogon reported the gas production rate as high as 130000
m’/day (4.59 MMscf/day) in the production wells completed 100% in the Mesoyakha
type I hydrate bearing strata in Siberia, Russia [37].

Kurihara et al. showed the maximum gas production rate of 170000 m*/day could
be obtained from the hydrate bearing sediments of Nankai Trough in offshore Japan
[38]. These high production rates are necessary for making the production from gas
hydrate reservoirs economically feasible. One of the consequences of high rate gas
production from a hydrate bearing reservoir is high gas velocities and pressure drops
near the wellbore. The high amount of pressure drops near the wellbore cause a

considerable cooling effect because of the Joule-Thompson effect [39].
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As pointed out by Alp et al., the cooling effect near the wellbore could cause
secondary hydrate formation [40]. Shahbazi et al., furthermore, showed the endothermic
nature of gas hydrate dissociation and the Joule-Thompson cooling effect could decrease
reservoir temperature near the wellbore area to a subzero temperature and cause ice
formation [41, 42]. The formation of ice and gas hydrate could considerably reduce
effective permeability near the wellbore and in severe cases plug the area around the
wellbore and cause gas flow termination [43].

In the current study, the formation of gas hydrate and ice are suppressed by high
cooling rates of 0.6 and 0.45 °C/min to create supercooled water. This suppression of
hydrate formation temperature brings the nucleation phenomena with a probabilistic
nature to its deterministic boundary and caused spontaneous nucleation and growth of
ice and gas hydrate phases at subzero temperatures. Two types of pure water and
standard sea water were used in this study with the initial pressures of 1500, 2000 and
2500 psi and the initial temperature of 20°C. After the formation of gas hydrate and ice
in the cell, the system is heated up again to melt ice and dissociated gas hydrate. The
process of formation and dissociation of gas hydrate and ice are repeated several times to
study the effect of the memory phenomenon [1, 2] on the start temperatures of ice

formation.



39

3.2. Experimental Section

3.2.1. Experimental Setup

The high cooling rate, gas hydrate and ice formation tests have been done in a
homemade stainless steel cell designed by Makogon at the Department of Petroleum
Engineering at Texas A&M University. The experiments were started by cooling down
the cell to a desirable temperature by circulating refrigerator fluid provided by a VWR
Scientific 1157 external refrigerator. The refrigerator was equipped with a digital
programmable controller for setting cooling and heating cycles. The internal volume of
the cell was 161.5 cm®, and its maximum working pressure was 200 bars. The picture of

the cell during a gas hydrate-ice formation experiment is shown in Fig. 18.

Fig. 19 High pressure stainless steel cell used for formation and decomposition of gas

hydrates.
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The reactor has a cylindrical shape with two windows in both of its ends. In order
to be able to see the content of the cell, the windows of the cell were chosen from
polycarbonate transparent materials. The Omega PX 906-5 KGV pressure transducer and
OL-703 thermistor were used for measuring pressure and temperature, respectively.
National Instrument NI-9219 data acquisition system was used for data acquisition
purposes. A LabVIEW code was written to process pressure, temperature and video data
and save them into files. The methane gas for experiments was provided by a pressurized
methane cylinder, and a manual Ruska pump was used for fine pressure alignment. The

schematic of the experiment’s setup is shown in Fig. 19.

<— Analogue to digital converter

i ) B pressure Transducer «§— Thermocouple
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Methane cylinder High pressure cell

Fig. 20 The schematic of the experimental apparatus.
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3.2.2. Experimental Procedure

Prior to any experiment, the cell was washed with distilled water and then dried
by lens cleaning papers. Then the cell was blown by nitrogen gas to remove all the
remaining dust and paper residuals. The cell then was filled to half of its volume with
distilled water. After closing the cell and to replace the air with methane gas, the air was
sucked by a syringe and then purged by methane gas several times. Then, the system was
pressurized by the pure methane gas cylinder, and the refrigerator was turned on to lower
the setup temperature to 20 C.

After temperature was stabilized, the pressure was aligned to a desirable pressure
by a manual Ruska pump. Afterward, the cooling process and data recording by
LabView software were started simultaneously. The system was cooled down to a
temperature below 0 'C, or the freezing point of water, and kept at this temperature for a
period of time, t;. During this period, usually a very thin layer of gas hydrate forms,
followed by a sudden formation of a thick layer ice. After the completion of ice
formation in the system, the heating cycle was started and the system temperature was
increased continuously to 20 C. In 0°C, the ice started to melt followed by gas hydrate
decomposition in higher temperatures. Data acquisition from the cell was stopped by
reaching 20 'C, and all of the acquired data were saved to a file for post-processing. The

schematic of the cooling and heating cycles are shown in Fig. 20.
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Fig. 21 The schematic of heating and cooling cycles for the formation and dissociation

of gas hydrate.

A VBA code was developed to post-process raw data saved by LabView and
then plot them in the form of different graphs in Excel. After recording the data, the tests
were repeated three times to study the effect of residual ice and gas hydrate structures in

water at the ice formation temperatures.
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3.3. Results and Discussion

The experiments were started at 20 +£0.5'C, and the gas hydrate formation cell
was cooled with the fastest available cooling rate. The high cooling rates suppressed gas
hydrate and ice formation temperatures to temperatures below 0°C and created
supercooled water. Decreasing water temperature to subzero temperatures increase the
probability of thermodynamically stable nucleation [1] until the temperature reaches a
point that the nucleation is not a random process anymore and stable nuclei become
available and grow spontaneously.

In the current study, the temperature of the cell decreased continuously until the
spontaneous nucleation and growth of gas hydrate and/or ice phases happened in the
system. After the formation of gas hydrate and ice phases, the temperature in the cell
was lowered until all of the available liquid water converted to ice. The results of a
typical cooling test are shown in Fig. 20. The initial temperature, initial pressure and the
volume of water in the cell were 20.01°C, 1502.45 psi and 80.3 ml, respectively. The
experimental pressure-temperature results of the test as well as calculated equilibrium
curve are shown in Fig. 21. The crossover of two curves shows the equilibrium pressure

and temperature of methane hydrate formation in the system.
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Fig. 22 Equilibrium (red curve) and experimental curve (blue curve) for the methane
hydrate formation test. The amounts of subcooling temperature for ice and gas hydrate

formation are shown in the graph.

Any temperature lower than the equilibrium temperature creates subcooling for
gas hydrate formation. The equilibrium formation temperature of ice is 0°C, and any
subzero temperatures provide subcooling for ice formation. As shown in Fig. 21, there is
a high degree of supercooling equal to 19 'C for gas hydrate formation. After decreasing

temperature to -9 'C by continues cooling, a very thin layer of gas hydrate started to form
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and grow on the water-gas interface. The picture of a formed layer of gas hydrate is

shown in Fig. 22.

Jme 53 77

Fig. 23 The thin layer of gas hydrate formed in the water-gas interface.

Immediately after the formation of gas hydrate layer and with a delay of 1
second, a thick layer of ice started to form. On the basis of laboratory observations and

videos recording during ice and gas hydrate formation period, the growth rate of ice was
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much higher than gas hydrate growth rate. A thick layer of ice covered the entire water

surface in less than 1 second and caused a big jump in cell pressure and temperature.

THNe” 8" 6

Fig. 24 A thick layer of ice formed and grew with a very high rate and covered the entire

water-gas interface. Gas hydrate and ice layers are shown in above picture.
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The picture of ice and gas hydrate layer is shown in Fig. 23. In the picture, the
thin gas hydrate layer could be recognized from the thick ice layer by being more
transparent. Considering the exothermic nature of ice formation and its volume
expansion, there is a sudden increase in cell pressure and temperature due to the very
fast growth rate of the ice phase. The amount of observed jump in cell temperature was
3.1°C. The graph of temperature versus time is shown in Fig. 24. It should be noted that
no observable changes in pressure and temperature happened after gas hydrate formation
because of the very small amount of formed methane hydrate.

Another reason for the negligible observed effect of gas hydrate formation on
pressure and temperature data is that the formation of gas hydrate happened immediately
before ice formation under high cooling rate conditions and its effect was masked by the
formation of the large amount of ice. Also, as shown in Fig. 24, the cooling rate of water
in the cell decreased from 0.6 ‘C/min to 0.4 ‘C/min by entering the subzero temperature
range. The change in water cooling rate happened in spite of the fact that the refrigerator

cooling rate was kept constant.
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Fig. 25 Experimental temperature versus time curve for pure water-pure methane

8500

system. The cooling rates above and below 0 "C as well as the jump in temperature due

to ice formation is shown.

The lower cooling rate in subzero temperatures can be explained by the abnormal

properties of supercooled water. The study of Angel et al. [44] and Speedy [45] showed

that the heat capacity of water increases when the temperature decreases to subzero

temperatures. By increasing the amount of water heat capacity and considering the fact

that cooling power generated by the refrigerator was constant, water in the cell

experienced lower cooling rates.
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Fig. 26 The experimental results of pressure versus time for pure water-pure methane
system. A 3.2 bar jump in pressure was observed in the system due to volume increase

related to ice formation.

Another phenomenon observed during ice formation was a sudden increase in
pressure. As shown in Fig. 25, there was a sudden pressure increase in the cell equal to
3.2 bar immediately after ice formation. The fast increase in pressure was caused by
volume expansion during the water to ice phase transition. In addition, the graph of
experimental pressure versus temperature is shown in Fig. 26. As observed in the graph,

the pressure versus time curve is linear before ice formation. This section shows a
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decrease in pressure because of gas contraction. After formation of ice there is a sudden
increase in pressure and temperature in the cell. However, the sensation of pressure and
temperature by thermistor and pressure transducer sensors did not happen in the cell at

the same time.
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Fig. 27 The graph of pressure versus temperature for pure water-pure methane system.

The increase in the pressure was sensed immediately by the pressure transducer.
The jump in temperature, however, was delayed since a short time was needed for heat
transfer from the surrounding media to the tip of the thermistor. Consequently, a shift in
pressure jump was observed because of the delay in temperature measurement caused by

heat transfer. This shift can be seen in Fig. 26. The area affected by the ice formation is
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highlighted with a red box. After the formation of ice in the system, the temperature was
lowered to eliminate the ice formation perturbation effect on the cell pressure and
temperature. Once the formation of ice was completed, a linear section was again
observed in the curve, which corresponds to the pressure decrease caused by gas
contraction in the gas-ice system. This area is highlighted in red.

As seen in Fig. 24 and Fig.26, the ice and gas hydrate were formed at -9 'C
instead of their equilibrium formation temperatures. The comprehensive results of the
experiments with different initial pressures and two types of pure water and standard sea
water solutions are shown in Fig. 26. The initial pressures used in the study were 1500,
2000 and 2500 psi. The pure water was double distilled and the sea water was the
standard sea water solution with the composition mentioned in reference 46 and 47.

As shown in Fig. 27, the initial pressures and water chemical composition do not
have a considerable effect on the formation temperatures of gas hydrate and ice in the
cell. Beside the red curve which has a different cooling rate, all the other tests with
similar cooling rates of 0.45 ‘C/min showed very close gas hydrate and ice formation
temperatures. In the case of the red temperature-time cooling curve, the system

experienced a higher cooling rate of 0.6 C/min.
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Fig. 28 Temperature-time curves for gas hydrate and ice formation using pure water-

pure methane and sea water-pure methane solutions.

The higher cooling rate caused more suppression in gas hydrate and ice
formation temperatures. The observed parameters of the curves shown in Fig. 27 are
mentioned in Table 4. As seen from Table 4, initial pressure and water composition do
not affect the ice and gas hydrate formation temperatures greatly. However, by the
change in cooling rate from 0.45 ‘C/min to 0.6 ‘C/min , the temperatures on which ice

and gas hydrate phases started to form were changed considerably from -8 °C to -9 °C.
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Table 4 The test parameters for the water-pure methane system with different initial

pressures, cooling rates and liquid chemical compositions.

Initial Cooling Liquid Ice & gas hydrate start Temperatur
pressure, psi  rate, C/min  composition temperature, C e jump, C
1500 0.4 Pure water -8.2 6
1500 0.4 Pure water -7.9 5.9
1500 0.6 Pure water -9 6.5
1500 0.4 Standard sea -7.8 3.9
water
2000 0.4 Pure water -8 5.8
2500 0.4 Pure water -8.1 2.3

After the formation of gas hydrate and ice in the cell, the temperature was
increased to melt ice and decompose gas hydrate phases. The experiments were then
repeated several times to study the effect of consecutive heating and cooling cycles on
the formation temperatures of ice and gas hydrate. The result of the experiment for the
pure water-pure methane system with the initial pressure of 1500 psi is shown in Fig. 28.
The results showed that , in the repeated tests, the temperatures at which the gas hydrate
and ice phases started to form are higher than the temperature of gas hydrate and ice
formation in the initial fresh water test. In the fresh water, ice started to form at -9 C.

However, in the first and second repeated tests, ice formed at higher temperatures of
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6.6 'C and -7.25 'C, respectively. The cooling rates were constant during all the

experiments. Pressure-temperature curves of the experiments are shown in Fig. 29.
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Fig. 29 The graphs of temperature versus time for a pure water-pure methane system

with initial pressure of 1500 psi.

The only parameter that played a role in the increase of ice formation

temperatures was the existence of residual structure in the water that facilitated the

formation of ice in the cell [1, 3].
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Fig. 30 Pressure-temperature curve of the cooling experiments in the pure water-pure gas

system with the initial pressure of 1500 psi.

These residual structures provided heterogamous nucleation sites for the ice
formation. The experiments were repeated in pure water-pure methane systems with a
higher initial pressure of 2000 psi. The graphs of the temperature-time are shown in Fig.
30. Similar to the results of the tests in 1500 psi, the start temperature of ice formation in
the initial fresh water test was lower than those temperatures for the repeated tests. In the
case of fresh water, the ice phase started to from at -8 'C. However in the first, second
and third repeats of the test, the ice phase begun to form at -5.2 'C, -4.2 'C and -5 'C,

respectively. This increase in ice formation temperature happened in the condition that
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cooling rates were almost constant. This fact is shown in the pressure-temperature
graphs in Fig. 31. The results showed that ice formed at higher temperatures when the

experiments were repeated several times.
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Fig. 31 The graphs of temperature versus time for the pure water-pure methane system

with the initial pressure of 2000 psi.

This concept is especially important in the study of the formation of ice and gas
hydrate in pipelines as well as around a wellbore in gas hydrate bearing sediments [42,

43, 44, 46, 47]. The temperature changes could cause the ice and gas hydrate to melt and
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form several times in those conditions. This repetitive formation and melting of ice and
gas hydrate could create a condition in which ice and gas hydrate form at even higher

temperatures and lower pressure conditions.
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Fig. 32 The graphs of temperature versus time for pure water-pure methane system with

the initial pressure of 2000 psi.

After the formation of gas hydrate and ice in the cell, the temperature was
increased with a constant rate to melt both gas hydrate and ice phases. Typical heating

curves for the ice and gas hydrate melting experiments in the pure gas-pure water system
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with the initial pressure of 1500 psi are shown in Fig. 32. As seen in Fig. 32, the heating
curve in the ice and gas hydrate melting experiments can be divided into the three
following areas. The first area is the linear section related to the expansion of ice, gas

hydrate and gas phases.
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Fig. 33 Temperature-time curves for heating experiments in pure water-pure gas system.

The different sections of heating curve are highlighted in the graph.

This area was a subzero temperature region, there was no phase transformation,
and the heating power of the refrigerator was constant. Consequently, the temperature
increased linearly with time. The second area is the area affected by ice and gas hydrate

decomposition. This region started at 0 °C at which of ice begins to melt. With an
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increase in temperature, the gas hydrate phase started to decompose and adsorb heat
from its surrounding environment because of the endothermic nature of gas hydrate
decomposition. The temperature-time curve is nonlinear in this area due to phase
transformation. The third section is the linear area, which is related to the water and gas
expansion. After the decomposition of gas hydrate phase, the cell contained only water
and methane gas. Therefore, with increase in temperature, water and methane gas
expanded and showed a linear increase in temperature versus time.

As seen in Fig. 32, the temperature increase rate in the experiments with fresh
water is greater than the temperature increase rate in the repeated tests. A possible
explanation is that after several decompositions of gas hydrate, some residual gas
hydrate structures remain in the water, which cause additional formation of gas hydrate
in the cell when the tests were repeated. This process is called memory effect in gas
hydrate formation [3]. Therefore, in each repeat of the test more gas hydrate forms and
gas hydrate volume increases during the decomposition process. The higher volume of
gas hydrate causes more heat absorption during the decomposition process and bends the

heating curve downward, as is seen in Fig. 32.



60

4. STRESSES AROUND A PRODUCTION WELL IN GAS
HYDRATE-BEARING FORMATION

4.1. Introduction

The knowledge of stress and strain distribution around the wellbore during
production is needed to assess the problems like wellbore stability and potential for sand
production. Different researchers addressed the problem of stress and strain distribution
around wellbore with different approaches. Freij-Ayoub et al. [48] used FLAC to
numerically calculate stress and strain distribution around the wellbore induced drilling
through gas hydrate bearing strata. Rutqvist et al. [49] used TOUGH+HYDRATE to
numerically simulate pressure and temperature distribution around the wellbore induced
by different thermal and mechanical conditions during gas hydrate dissociation. Then,
FLAC3D was used to calculate stress distribution around the wellbore. Kimoto et al.
[50], on the other hand, treated hydrate bearing reservoir as a chemo—thermo—
mechanical material and used an -elasto—viscoplastic model to address plastic
deformations in the soil during gas hydrate production. However, the selection of
appropriate model to simulate the condition of stress and strain around the wellbore is
greatly affected by the geology of reservoir as well as the condition of production from
the reservoir. Waite et al. [51] pointed out that gas hydrate accumulations in coarse grain
sands are more prone to plastic deformation and sand production during production

period than fine grain hydrate sediments.

The selection between a poroelastic or poroplastic model is related to the gas

production rate and whether the gas hydrates bear loads in the reservoir or merely fill the
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voids in the pore space. In this paper, it is assumed that the reservoir remains elastic
during gas production period. In addition, the intrinsic permeability of rock remains the
same despite the change in gas effective permeability in non-decomposed and
decomposed zones. It is assumed that the fluid flow is single phase flow i.e. gas flow,
and water remains stagnant in the reservoir [3]. A poroelstic model is used as a semi-
analytical method to calculate the induced total stress in gas hydrate reservoir during gas

production.

4.2. Mathematical Models

For calculation of induced stress and strain in gas hydrate reservoir during
production, we need to know the pressure and temperature distribution in the reservoir
during decomposition of hydrate layer. For this purpose, we utilize and expand the
approach described in [3]. The area around a wellbore can be viewed as two parts, one
corresponding to the decomposed region and the other the non-decomposed gas hydrate

layers. The schematic of these layers is shown in Fig. 33.
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Fig. 34 Different zones during gas production, ry is wellbore radius, R is the radius of

gas hydrate decomposing front and re is reservoir radius.

During gas production, the diameter of decomposed layer, R, will grow with
time. The movement of the boundary between the two areas introduces a physical
problem with free moving boundary condition which is called Stefan problem named
after Jozef Stefan, the Slovene physicist who studied the problems of ice formation
around 1890 [52]. Stefan’s problems include at least two differential equations with their
own boundary conditions which are related together through Stefan’s condition. The
mathematical model of gas hydrate production as well as the resulted strain and stress

field around the wellbore are discussed in following sections. In the following section,
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we elaborate on the method introduced by Makogon et al. [3] to calculate temperature

and pressure distribution during gas production from gas hydrate bearing reservoir.

4.2.1. Pressure Distribution
The governing equation for pressure distribution around the wellbore during gas
hydrate production is gas diffusivity equation in polar coordinates [3, 53]:

k, 0?P?> 10P? 0P
n n + - n) — n (41)
2muyu = 0r? r or at

where n is equals 1 for decomposed gas hydrate layer zone and is 2 for non-decomposed

zone. Also P is the pore pressure and k is permeability to gas, p is gas viscosity, s is

water saturation, B is hydrate saturation, phi is porosity in both decomposed and non-

decomposed layer.

In addition,

m=(1—-s)xXm (4.2)

m, = (1-B)X m 4.3)
The above equation is nonlinear and can be linearized with respect to P in order

to be solved analytically. For the linearization of gas diffusivity equation, we consider

following approximations [3, 53].

2P, 9t ~ ot '
1 %P} 9P
2=22 (4.5)

2P, ot ot
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where P, is the reservoir initial pressure in MPa and Pp, MPa, is equilibrium pressure at
the interface between decomposed and non-decomposed layers. After linearization, we
will obtain the following equations:

92P2 19P2. 1 9P?

L Lo0R 105 (4.6)
or? r or Xn Ot
where
_kiPp (4.7)
Lopmy
_ kZPe
Xy = L, (4.8)

The boundary conditions for diffusivity equations are:
. Constant production rate, Q
« Por 0)=Py (0 t) =P

. PiR@®, ) =P, (R(1),t) =Pp

where r,, is wellbore radius in meter, Pw is wellbore pressure, R(t) is the radius of the
interface between the decomposed and un-decomposed layer. The solutions of linearized
gas diffusivity equation are [3, 53]:

QuPy
nkihp

P} =P} - [Ei(—11) — Ei(—a})] (4.9)

0

Ei(=23)

P = B2 + (P~ Pl

] (4.10)

The functions and coefficients in Eq. (4.9) and (4.10) are [3]:

© ,-U

Ei(—a)z—f Tdu, a>0 (4.11)

a



,1%=%X1
A%z%
a%=4LX1
a%z%}(z

In Eq. (4.9) to (4.15), we have:

e Q: production rate of methane gas per unit length of well
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(4.12)

(4.13)

(4.14)

(4.15)

e po. density of methane gas at atmospheric pressure Py and temperature Ty. (0.706

kg/m3)
e Py: atmospheric pressure (0.101 MPa)

e h: is unit length of pay zone( 1 m)

e v: constant which determines movement velocity of dissociation front (m?/s)

e T.:reservoir temperature at initial time (K)

4.2.2. Temperature Distribution

To consider the effect of temperature changes on induced stress in a gas hydrate

reservoir, heat transfer equation need to be considered. The governing equation for heat

transfer in the reservoir is considered to be conductive-convective heat transfer equation

which could be written as [3, 53]:
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Ei(r aTn> _ 0Ty B cyky, OB, (aTn apn> MGy db,
or

or -0 ar c, Ot (4.16)

r or adt  cpu Or
where:
e n=1 and 2 for decomposed and non-decomposed layer respectfully
e T;: Temperature in decomposed layer (K)
e T,: Temperature in non-decomposed layer (K)
e a,: thermal conductivity of zones 1 and 2 (m*/s)
e ¢, volume heat capacity of gas (J/K.kg)

e c;: heat capacity of zone 1 (J/K.kg)

e ¢ heat capacity of zone 2 (J/K.kg)

n: adiabatic coefficient of gas (K/Pa)

o: throttling coefficient of gas (K/Pa)

Note that the Joule-Thompson cooling process is considered in the above equations.
In order to solve the problem analytically, we assume conduction heat transfer is
negligible in gas hydrate reservoir in comparison to convection heat transfer. So we let:
a, =0

and obtain:

0T,  cykn 0P, (aTn apn> m,c, 0P,

or = or c, Ot @.17)

ot cyu Or
In addition to mentioned pressure boundary and initial conditions, the following
boundary conditions for Eq. (104):

o Ti(r 0)=Ty(r 0) =T, (o t)=T.

. TiR®), =T R (1), 1)=Tp
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The solutions of above conductive-convective heat transfer equations are [3]:
Tl =

Tp + Ay [Ei(=A2) + (1 + Q)Ei(—22 — Bie™™) — Ei(—a?) — (1 + Q,)Ei(—a? —

Bie~)] (4.18)
Ty = T, + Ay [Ei(=23) + (1 + Q) Ei(—23 — Bye )] (4.19)
where
A, = QKb (4.20)
' 7 2mhkPpp,
_ 8(P5—P2) 4.21)
2T 2PLEi(—a?)
__ Q0 o (4.22)
b= Thy, 1
BZ — k2 Cy (PI% - Pg) (423)
X, PoCy Ei(—a3)
0 _nmicyPp
175 ¢ Py (4.24)
0 _ Mty Pp
2768 ¢ Py (4.25)

In the pressure and temperature solutions, the temperature at the gas hydrate
decomposition front, Tp, the pressure at the interface, Pp, and the boundary velocity
constant, y, are unknown. They should be solved in order to find the pressure and
temperature solutions around the wellbore. Noting that the Tp satisfies Eq. (4.18) and

(4.19), we replace T, by Tp in Eq. (4.18) and obtain:
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Tp =T, + Ay [Ei(—a3) + (1 + Q,) X Ei(—a2 — Bye™%%)] (4.26)
Furthermore, if Tp is substituted into Eq. (4.19), we get Tp = Tp which is not useful.
Similarly, if Pp is put instead P; and P, in Eq. (4.9) and (4.10), it results in Pp= Pp.
Therefore, we need to use the Stan’s condition to have a second equation to solve for Tp,
Pp and y. If mass and energy conservation are considered at the interface of decomposed

and intact zones, we get following equation [3]:

OP(R,t)  OPy(R,t) [ psTp Py dR

15 257 E,BZET—OE— B —-o0) mu—- (4.27)

where z is the compressibility factor of gas, and ps is the density of hydrate. R is the

radius of decomposing front in meter which could be calculated according to following

equation:
R =.fyt (4.28)

where, t is time (sec). Now, if pressure boundary conditions are substituted into Eq.

(4.27), after derivations and simplification, we will get following equation:

QuPy _ 2 e p3 Tp
M 4 k(P2 —PR)———< = ——Pyz—(f —0)P
Thp, e 2(P 5) Ei(—a2) (,36'00 T, 0z — (B — 0)Pp) x1umay (4.29)

The third equation is an empirical correlation between equilibrium temperature and

pressure of methane hydrate formation is [3, 53].

log,, Pp=a(Tp—To) +b(T),— To)’ +¢c (4.30)
where:
e a=0.0342K"

e b=0.0005K">
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e Cc=6.4804

For finding the unknowns, we need to solve the system of nonlinear Eq. of (4.27), (4.29)
and (4.30). After finding Tp, Pp and y, we use them in pressure and temperature

solutions to find the pressure and temperature solutions around the wellbore.

4.2.3. Induced Stress Distribution
On the basis of linear coupled thermo-poroelasticity theory, the strain distribution
around the wellbore caused by changes in pore pressure and temperature can be

calculated by the following expression (e.g., Tao and Ghassemi [54, 55])

2n (T 2nKay, (7
aw=——n Prdr — 1 mj Trdr (4.17)

2 2
r Tw ar

Tw

Also the tangential strain is given

2nKa,,
ria

2nKa,, T (4.32)

2.',’ r r
Opo = r_z,[ Prdr + j Trdr — 2nP —
Tw Tw

where 7 is the poroelastic stress coefficient and is equal to:

_(d-2v)a (4.33)
2(v—=1)
Where:

a: Biot’s coefficient

v: Poisson’s ratio

G: Shear modulus, MPa
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K: Bulk modulus, MPa
,,,: The thermal expansion coefficient of rock, K™

Also, P and T are changes in pressures and temperatures from their initial state and are

defined by:
P = Pe—Pi (4.34)
T =Te —Ti (4.35)

The strains can then be used in the constitutive equations to calculate the stresses.
As it is shown in Fig. 3, the maximum temperature change during production is 4.3 K.
The amount of induced stress in reservoir caused by this temperature change is small in
comparison with induced stress by pressure change and is therefore, neglected. In this
way, the assumption of formation homogeneity can be maintained. Ignoring the

temperature terms, Eq. (4.31) and (4.32) are used to find the stresses:

N
Orr = =73 fr WPr r (4.36)
and the tangential stress is:

2 r
Gop = r_Zf Prdr — 2n x P (4.37)
Tw

The sign convention is tension positive. Now, by substituting the pressure

functions into Eq. (4.36) and (4.37) the induced stress around the wellbore can be

calculated. Since there is no analytical way to calculate the f: Prdr integral, they are

calculated numerically. In this section the results for the calculation of pressure and
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temperature distribution as well as related induced stress and strain in the gas hydrate
reservoir are presented. The main assumption in this study is that the gas production rate

1s constant.

4.3. Results and Discussion

In this section the results for the calculation of pressure and temperature
distribution as well as related induced stress and strain in the gas hydrate reservoir are
presented. The main assumption in this study is that the gas production rate is constant.
Other assumption is that mechanical behavior of reservoir remains elastic. For
coefficients and mentioned parameters in the paper, a hypothetical case of gas hydrate
reservoir is considered with the parameters same as those in Ji et al. [53] and Freji-
Ayoub [48]. These parameters are mentioned in Table 5. In this study, the effect of
production time and gas production rate on pressure, temperature, strain and stress
distribution in reservoir were investigated. The wellbore radius, ry, is assumed to be 0.13
m. For all the calculations, the initial reservoir pressure, Pj, and initial reservoir
temperature, T;, are considered to be 15 MPa and 287 K, respectively. Also, the
permeability in decomposed layer is k= 5.2x10"° m? (5.2 md) and in the non-
decomposed hydrate layer is ko= 0.4x10"° m? (0.4 md). Other gas properties like
viscosity and permeability are assumed to be constant. This seems to be reasonable
assumption for low temperature and fairly low pressure gas hydrate reservoirs. A

Mathematica code was written to do all the necessary calculation.



Table 5 The parameters for the calculation of stresses around the producing wellbore.

Parameter Value Ref.

,,,: The thermal expansion coefficient of rock, K™ 7.7 %10 90

I

d: throttling coefficient of gas (K/Pa) 8 x 107 9

W: gas viscosity, Pa.s 1.5 x 107 95

o: water saturation, % 0.15 95

c,: heat capacity of zone 2 (J/K.kg) 1030.2 95

po: density of methane gas at Py and Ty, kg/m3 0.706 95

pw: density of water, kg/m3 1 x10 95

k;: gas permeability in zone 1, md 52 95
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Table 5 Continued.

K: Bulk modulus, MPa 7000 90
Py : atmospheric pressure, MPa 0.101 95
Ty : atmospheric temperature, 273.15 95
m: porosity, % 0.19 95
z: compressibility of gas 0.88 95
Cohesion, ¢, MPa 1.8 90
Angle of internal friction, ¢, °© 35 90

4.4.1. The Effect of Production Time

Consider the constant gas production rate of 0.04 kg/second, production times are
considered to be 120, 365, 100 and 730, 1460 and 2920 days (0.33, 1, 2, 4 and 8 years,
respectively). The effect of production time on pressure and temperature around the
wellbore are shown in Fig. 34 and 35. As shown in Fig. 34, there are two different zones

of pressure in the gas hydrate on either sides of gas hydrate decomposing front.
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Fig. 35 The effect of production time on pressure distribution around the wellbore.

The position of the decomposition front coincides with a bump in pressure and
temperature graphs. The bump is caused by considerable permeability difference on
either sides of the front. The lower effective permeability in the non-decomposed gas
hydrate layer corresponds to less pressure drop at constant production rate. In contrast,
the considerable higher effective gas permeability in the decomposed layer caused
sharper pressure drop. Fig. 35 shows the temperature distribution in the reservoir in
different production times. Like pressure graphs in Fig. 34, there is a temperature bump
at the location of decomposition front because of this fact that two different partial

differential equations stated at Eq. (4.17) represents the physics of problem at either
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sides of the front. In the decomposed layer near the wellbore, there is more pressure
drops and therefore higher velocity which causes higher temperature decrease due to
higher convective heat transfer and stronger cooling Joule-Thompson effect. Also,
similar to the effect of production time on pressure distribution, the overall temperature

in the reservoir decreases with increase in production time.
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Fig. 36 The effect of production time on temperature distribution around the wellbore.



76

The effect of production time on radial stress is shown in Fig. 36. The type of
induced stress here is tensional stress. As shown in the Fig. 36, the radial stress is zero at
the wellbore radius and then increases to a maximum near the wellbore. The induced
radial tensile stress increases with increase in time due to increase in induced pressure

and temperature.
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Fig. 37 The effect of production time on induced radial stress field, o, around the

wellbore.
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Also, the effect of production time on tangential stress is shown in Fig. 37. The
type of induced tangential stress here is compressive stress. The maximum of induced
tangential stress occurs in the wellbore wall and then decreases with increase in radius.

Like induced radial stress, tangential stress increase with increase in production time.
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Fig. 38 The effect of production time on induced tangential stress field, cge, around the

wellbore.
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4.4.2. The Effect of Production Rate

The effect of gas production rate on induced stress distribution in the reservoir
during production period is studied at a time of 365 days. Different production rates of
0.04, 0.06, 0.08, 0.1 and 0.12 Kg of gas per second are considered. Fig. 38, shows the
effect of production rate on induced radial stress in the reservoir. The type of radial
strain is tensional strain. As shown in Fig. 38, increase in production rate causes the
increase of induced radial stress due to increase in induced pressure and temperature in
reservoir. The effect of increase in production rate on induced radial stress is shown in

Fig. 37. The type stress here is compressional stress.
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wellbore.

The induced radial stress is zero in the wellbore and then increases to a
maximum near the wellbore. The induced radial stress vanishes with increase in radius.
Finally as it is shown in Fig. 38, the increase in production rate causes increase in
induced tangential stress in the reservoir. As observed from the radial and tangential
stress results, the highest amount of stresses is induced around the wellbore. The induced
tangential stresses are maximum at the wellbore wall and radial stress reaches the

maximum value near the wellbore because there is the maximum pressure drop around
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the wellbore. Consequently, the area near the wellbore is the most prone to failure during

gas production.
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Fig. 40 The effect of gas production rate on induced tangential stress field, cee, around

the wellbore.

We consider an offshore gas hydrate deposit at 1450 m depth from the ocean
surface (1000 m of water and 450 m of rock). With hydrostatic pressure gradient equal
to 0.01035 psi/ft, the pore pressure is 15 MPa which is set to the initial reservoir
pressure. The vertical stress in the reservoir is 20.53 MPa considering the geostatic

pressure gradient of 0.022633 MPa/m. The horizontal stress is calculated using:
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)
1-9

oy = (JV—aXp)+a><p (4.38)

Where oy is horizontal stress, oy, is vertical stress, « is Biot’s effective stress coefficient,
9 is Poisson’s ratio and p is pore pressure. Because of the absence of tectonic stresses,
the horizontal stresses in all direction are the same. Assuming a Poisson’s ratio of 0.45
and a of 1, the horizontal stress in the gas hydrate deposit equals 19.52 MPa. For
understanding the wellbore stability situation in the hydrate bearing reservoir, the stress
state around the wellbore needs to be considered. The stress situation around the
wellbore could be found by adding the stresses caused by the far-field mean stress, the
pore pressure change and the far field deviatoric stress. The stress induced by pore
pressure is already calculated by formulas 36 and 37. Since 0, = oy, the mean stress is
equal to the horizontal stress or 19.52 MPa. The wellbore pressure, Py, is equal to 1.32
MPa. Therefore at the wellbore periphery, we have a g5y = —18.2 MPa caused by the

pore pressure loading.

The maximum observed induced tangential tensile stress at wellbore periphery

during gas production is 3.45 MPa at the production rate of 0.12 Kg of gas per second.

Therefore, the total stress situation at the wellbore is 0.0 =P, = —1.32 MPa
and 07 9*% = —34.25 MPa. Then, the Mohr-Coulomb failure criterion is used to assess

the failure condition around the well. Assuming a cohesion of ¢c= 1.8 MPa and a fraction

angle o= 35°, the maximum allowable stress level is -6.92 MPa and failure is predicted.
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5. CONCLUSION

A model was developed to calculate the moles of consumed or generated gas, and
the volume of gas hydrate in a closed cell during gas hydrate formation and
decomposition experiments.

The gas hydrate formation experiments showed that the increase of the subcooling
from 0.2°C to 4.6 C and the initial pressure from 2000 psi to 2500 psi caused gas
hydrate formation at higher rates.

In all ice and gas hydrate formation experiments using a cooling rate of 0.45 ‘C/min,
the ice and gas hydrate started to form at temperatures in the range of -8+0.2°C,
indicating that neither initial pressure nor chemical composition of water has a
considerable effect on the ice and gas hydrate formation temperatures. However, a
change in cooling rate from 0.45 to 0.6 C/min decreased ice and gas hydrate
formation temperature from -8°C to -9°C.

In ice and gas hydrate formation experiments using a constant cooling rate of 0.45
“C/min, the formation temperature increased from 8Ctoa range of temperature
between -4.2°C to -5.2°C during consecutive gas hydrate and ice forming and
melting cycles.

A semi-analytical model was derived for the calculation of induced stresses around a
producing well in a gas hydrate reservoir. Gas production rates between 0.04 to 0.12
Kg of gas per second and production times between 0.33 to 8 years were considered.
The results of the modeling showed that increases in production time and production

rate induced greater radial and tangential stresses around the wellbore.
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APPENDIX A
KINETICS OF GAS HYDRATES

Production of gas hydrates from a gas hydrate-bearing reservoir involves the

following dissociation reaction.
G.(H,0)y - G + N.H,0 (A.1)
The knowledge of the rate on which the above dissociation reaction takes place is called
kinetics. Considering the kinetics of gas hydrate dissociation is a crucial step in
evaluation of gas production from a gas hydrate reservoir. In addition to parameters like
drawdown pressure and reservoir temperature, the kinetics also dictate how fast the gas
production could be.

The gas hydrate production sometimes involves secondary gas hydrate formation
near the wellbore due to high production rate and the Joule-Thompson cooling effect
[40]. The knowledge of gas hydrate formation kinetics is also important for the
evaluation of gas hydrate plug formation in pipelines, surface facilities, and submerged
gas pipelines [56, 3]. Gas hydrate transportation is another important concept for which
the kinetics of gas hydrate formation plays a main role [1]. A historic background about

the evolution of the study of gas hydrate kinetics is given in the following section.

A.1 Evolution of Gas Hydrate Kinetics Models

It is well known that the formation of gas hydrates is a crystallization-type

process which involves nucleation and growth [57]. The nucleation is the process of
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formation of nuclei with critical sizes which are thermodynamically stable for growth. In
this phase, the atoms join the critical nuclei from surrounding liquid and cause growth of
nuclei. The first published study related to the kinetics of gas hydrate formation and
dissociation was the work of Barrer and Edge in 1967 [58]. They studied gas hydrate
formation kinetics by purging inert gases of argon, krypton, and xenon into a chamber
containing ice particles to form gas hydrates. Later in 1981, Makogon [59] gave a
thermodynamic formulation for the calculation of critical nuclei size. The first attempt to
address the formation kinetics of gas hydrate from a liquid solution was the work of
Vysniauskas and Bishnoi (1983) [12]. They reported data on methane hydrate formation
kinetics parameters by correlating a semi-empirical model with the rate of methane
consumption per unit of surface area. The main drawbacks of the Vysniauskas model
were the lack of a driving force term in their model, as well as the lack of a solid
theoretical basis for their model. Englezos et al. [60] found the Vysniauskas and
Bishnoi model inadequate to fully describe the formation kinetics, and proposed their

pioneering kinetic model on the basis of the two- film theory [61].

In their theory, the gas hydrate growth is divided into two steps in series for the
diffusion of gas through a liquid film layer around a gas hydrate particle, and then the
chemical reaction for gas hydrate formation [13]. The driving force in their model was
the difference between the gas fugacity in the gas phase in the cell and the equilibrium

gas fugacity in the three-phase state. According to their model:
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dn
E = KA(ng - feq) (A.2)
where n is the moles of consumed gas, K is the global rate constant, A is the reaction

surface area, and f;’ and f,, are the fugacity of the gas. K is a global rate constant that

can be written as:
1 1
k. k.

where k,, is the mass transfer coefficient and k,. is the intrinsic reaction rate constant.
Englezos et al. [13] used a semi-batch high pressure cell equipped with a magnetic
stirrer to calculate the moles of gas consumed during the gas hydrate formation period.

Utilizing agitation in their system, they increased the mass transfer constant to a level

where:

ko >k, (A.4)
Therefore:

1 1

== T (A.5)

As shown in Eq. (A.5), by suppressing the mass transfer rate with severe
agitation, the global rate calculated from experimental results is approximately equal to
the reaction kinetic constant. This is the method used by Englezos et al. [13] to calculate

this constant. They then fitted their kinetics model to the experimental data to find the
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approaches an asymptote, whereby an increase in rpm does not have any additional
effect on k;. They concluded that the high turbulence in the cell that occurs over high cell
stirring speeds causes the elimination of the mass transfer effect and renders the
chemical reaction kinetics as the controlling step of gas hydrate growth. Therefore, their

achieved parameter, K, is essentially the rate reaction constant [13].

Subsequently, Enzlezos et al. extended their theory to consider the mixture of
methane and ethane gases [62]. Dholabhai et al. (1993) used the Enzlezos et al. model to
describe the kinetics of methane hydrate formation from aqueous NaCl, KCI, and NaCl-
KCI solutions [15]. A modification to the Englezos theory was made by Malegaonkar
(1997) for considering the relative high solubility of CO, gas in aqueous solutions [16].
Hashemi et al. (2007) modified the Englezos model [17] with consideration for the
concentration instead of the fugacity as a driving force. They reasoned that the
concentration difference is usually considered as a mass transfer driving force. They
stated that the fugacity difference, which is based on pressure and temperature, should
not be considered as a driving force since the pressure gradient would cause a force
imbalance between different phases in the system [63]. This being impossible, they
proposed the following kinetic equation for gas hydrate formation [17].

dn
2t - (A.6)
ar KA(C —Ceq)

where C is the gas concentration in the liquid phase in mole/m’® and Ceq 1s the

concentration of gas in the equilibrium state. Like the Englezos model, in the Hashemi et
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where C is the gas concentration in the liquid phase in mole/m’ and Ceq 1s the
concentration of gas in the equilibrium state. Like the Englezos model, in the Hashemi et
al. model, the global reaction rate, K, is defined based on mass transfer and the intrinsic
kinetic coefficients. Consequently, in high agitation conditions for which the mass
transfer effect is negligible, the calculated global kinetic parameter, K, will be equal to
the intrinsic reaction rate kinetic constant. Hashemi et al. also considered the heat
transfer in the cell due to the exothermic nature of gas hydrate formation [17]. Bergeron
et al. (2008) slightly modified the Hashemi et al. work by considering the gas mole
fraction in the liquid phase instead of the gas molar concentration [18, 19]. Bergeron’s
model offers a simple yet complete model to describe the kinetics of gas hydrate
formation in its growth phase. In this study, this model is used as a base model for gas
hydrate formation kinetics. The model is elaborated and reformulated in the following

section.

A.2. The Growth Model Used in the Current Research

Considering the evolutionary path of the kinetic models of gas hydrate growth,
the Bergeron et al. model has been chosen as a base kinetic model for the current study
because of its simplicity and overall completeness. The model then was slightly
reformulated to find a final form for a relationship between the moles of consumed gas

as a function of time. According to the Bergeron model:
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dn _ Vip, (x' =x"h
at MW, 1
T, (D)

(A.7)

where n is the moles of consumed gas, t is time in seconds, Vi is the volume of water in
the cell in cm’, p,, is the density of water in gr/cm®, MW, is the molecular weight of
water in gr/mole, x! is the mole fraction of dissolved gas in experimental pressure and

H=1 is the equilibrium solubility of gas under hydrate-liquid-gas

temperature, and x
equilibrium conditions at experimental pressure and temperature. x* is the parameter that
should be measured at a hydrate formation experimental condition and x"~! is the
equilibrium gas solubility that needs to be calculated by a thermodynamic model.

The method of calculation of x#~! is discussed in Appendix B. Also, k, is the
reaction rate constant in m/sec and p,(t) is the second moment of particle size
distribution in 1/m. The goal of this research is the calculation of the reaction rate
constant, k,.. i, (t), which can be defined according to the following relationship.
pa(t) = ugG?t? + 2u?Gt + 3 (A.8)
where ug is the initial zeroth moment of particle size distribution which is equal to the

initial number of gas hydrate particles in the liquid phase and is defined as:

6MWy (ney — 1) (A.9)
nmV, pure

g =

where n;, is the moles of gas dissolved at turbidity point and n; is the moles of
dissolved gas at the liquid immediately before the moment of gas hydrate formation. We
have [18, 19],

Ny — Ny = AH
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where m,, is the mass of liquid in the cell in kg, Cp,, is the heat capacity of liquid in
J/kg K, AT is the jump in the temperature at the moment of gas hydrate formation and
AH is the gas hydrate formation enthalpy in J/mole which is defined by the following

correlation [64].

T, b
AH = —R[b + cT+d(1 +TO) (C +2T) e x Exp <a+§+an(%)>] (A.11)
(e

where T,=273.15 K, a=-3.679, b=1242.7, ¢=-27.903, and d=8.694. Plugging Eq. (A.10)
to (A.9), we will get:

6MW, m,,Cp, AT

o = NV oyt AH (8.1
The parameters u? and u2 could be defined according to the following equations:

ud = r.u (A.13)
K8 = 12ug (A19

1. is the critical diameter of gas hydrate nuclei, in m, at the onset of hydrate formation

and is defined as:

—40

r, = (A.15)
Ag

o is the surface tension of water and gas hydrate in J/m? which is given by the following

correlation[65]

o=a+bT (A.16)
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where a=0.09946 J/m” and b=-0.23x10" J/m’K and T is temperature in K. Also, Ag is in
Gibbs free change per unit volume during hydrate formation process in J/m’ and is given

by the following formula.
RT xH=E 1—xH-k
Ag = — [Ln < xtb ) + T]WLTI (_—xtb>] (A17)

R is the universal gas constant equal to 8.31446 J/K.mole, T is the experimental

temperature in K, 7,, is the moles of water per mole of gas hydrate, vy is the molar
volume of gas hydrate in m*/mole, and xt? is the mole fraction of gas in the solution
immediately before hydrate formation onset. With the measurement of x!, the molar
fraction of dissolved after gas hydrate formation, one can calculate x*? using Eq. (A.10).
The last remaining parameter for the calculation of the second moment of particle
distribution,u, (t), is G or the linear growth rate of gas hydrate particles in m/s and is

defined by:

c24@n . pw MWy

Ly H-1y A.18
It MW, porn (x" = x""k, ( )

We introduce the dimensionless parameter of a, with the following definition:

_ Pw MWH
a=2
MW,, pun

(xt — xH7H (A.19)
Substituting the Eq. (A.19) in Eq. (A.18), we will get:

G = ak, (A.20)
Substituting the Eq. (A.19), (A.18) and (A.20) in Eq. (A.8), we will get:

p(t) = pgl(ak,)?t? + 2r.(ak, )t +1Z] (A.21)

Also, by substituting the Eq. (A.12) into (A.21), we have:
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6MW,, m,,Cp,, AT (ak,)? ak 1
po (8) = Pw [( SAEIPLCLO PN —] (A.22)
777TVL.0H AH 7/'c rcz rc

Now, we substitute the Eq. (A.22) into the Eq. (A.7) and rearrange it to get:

dn _ _ py MWy
dt — "MW, npy

3m,,Cp, AT (ak,)? (ak,) 1
1 H-1 w w T 2 r
— t _— —_
(x"=x"7) N7 [ 3 + 2 72 t+ Tc]kr (A.23)

or

dn _ 3m,,Cp,AT(ak,) (ak,)? | (ak,) 1
P AT [ 3 t + Z_rcz t+Z] (A.24)

The final form of the kinetic equation is:

dn _ 3m,,Cp,AT _ak, 342 ak,
R 2 2
it - an e 42 " e+ " -] (A.25)

For having the moles of consumed gas, n, as a function of time, the Eq. (A.25) needs to

be integrated.

3m,,Cp,, AT _ ak, ak,
[[(an = [l Sy oy 1 L (A26)
0
or
3m,, Cp, AT 1 akr>3 s (akn\?
_ - A27
n(t) AH [B(C t+(c> ] (A.27)

The Eq. (A.27) is the final kinetic function that should be used to fit on the experimental
data presented in chapter two. The goal of this curve fitting is finding the kinetics

! should be measured experimentally and the

reaction constant. The parameter x
parameter x7~! is the equilibrium gas solubility in solution in the presence of the gas

hydrate. The method for calculation of x~! is discussed in Appendix B.
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APPENDIX B

THERMODYNAMICS OF GAS HYDRATES

For the first time, Van der Waals [66], 1955, derived a statistical-mechanical
formulation to describe the thermodynamic equilibrium condition of clatherate
compound formation between hydroquinol (benzene-1, 4-diol) and gases like H,S which
were structurally studied by Palin and Powel, 1948 [67]. Barrer and Stuart, 1957,
extended Van der Waals’” model for describing gas hydrate thermodynamics [68]. Latter,
Van der Waals and Platteeuw, 1959, perfected their model in their classical review paper
[69]. Holder et al., 1980, [70], represent the thermodynamic formulation of gas hydrate
in the formal way that is known today. Finally, Handa, 1990, [71], employed water
activity instead of water mole fraction to the chemical potential of water in solution
more accurately. This final formulation has been used as a standard thermodynamic
method by many researchers for the calculation of equilibrium gas hydrate formation
temperature and pressure, as well as equilibrium gas solubility in the solution in the

presence of gas hydrate.

B.1. Basic Theory
In the equilibrium state, the chemical potential of all species are the same in all
of the present phases. For either of gas-gas hydrate—liquid equilibrium or three-phase or

gas hydrate —liquid two-phase equilibrium in the system, we could write [71]

o — (B.1)
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where uf is the chemical potential of water in hydrate phase and % is the chemical

potential of water in liquid phase. Subtracting two sides of equation from ;15, which is

the chemical potential of water in the hypothetical unoccupied hydrate phase, we will get

uh —pll = b —pl, (B.2)
or
Apy = Ay, (B.3)

According to the statistical thermodynamic theory of Van der Waals and Platteeuw,
1959, [69], Aullis:
n
At = —RTZ v; X Ln(1 — 6)) (B.4)
i=1
where R is the universal gas constant which is equal to 8.31446  J/K.mol, T 1is the
absolute temperature in K and n is the number of different type of cages in the gas
hydrate lattice. For example, for type I gas hydrate structure, there are two types of small
12¢2

5'2 and large 5 cavities and, therefore, n=2. v; is the number of type i cages in the gas

hydrate lattice . For type I gas hydrate, v; is % and :—3 [1] for small and large cavities

respectively. 6; is the fraction of occupied cages in each type. 6; can be calculated by

Langmuir’s adsorption relationship.

_ Ci X fi
1+2?=1Ci><fi

0, (B.5)

C; is the Langmuir’s constant of guest molecule I in 1/bar. The following correlation

[72] is used for calculation of the Langmuir constant.
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B
C; = 10°Exp(A + ?) (B.6)

where A and B are constants and for methane hydrate they are given in Table 6. Also, f;
is the fugacity of the gas molecule i gas hydrate phase in bar. In equilibrium, the fugacity
of gas in all phases is equal and therefore, the fugacity of gas in the gas hydrate lattice is
equal to the fugacity of the gas molecule in the gas phase. In the case of methane
hydrate, the vapor pressure of water in the gas phase is very low and, therefore, it can be
assumed that the fugacity of methane in the gas phase is equal to the fugacity of pure

methane at the same pressure and temperature conditions [25, 73].

Table 6 The constants of equation (B.6) for the calculation of the Langmuir’s constant

[72]
Parameter Small cage Large Cage
A -24.027993 -22.683049
B 3134.7529 3080.3857

The fugacity of pure methane is calculated by Duan’s equation of state, Duan et
al., 1992 [26]. For the calculation of the fugacity, first the methane gas compressibility
factor, z, is calculated by the Batzle and Wang correlation [28]. Then the molar volume

of methane could be calculated according to the following relationship:

83.144722T
y =24 (B.7)
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where P is pressure in bar, T is temperature in K, and V is molar volume in m*/mole.
This molar volume is used in Duan’s equation of state [26] to calculate gas fugacity. The
difference between the chemical potential of water in the empty gas hydrate lattice and

in the liquid phase, Auk,, can be defined as [70, 71]

Auk Al (T T ARPL PAYPL
Hw _ B ( o)_j' w dT+f YT — In(a,) (B.8)
RT RT, n RT?2 .

where R is the universal gas constant equal to 8.31446 J/K.mol, T is the absolute
temperature in K, Aud (Ty) is the difference between the chemical potential of water in

the empty gas hydrate lattice and in the liquid phase at the reference pressure and

temperature of T¢=273.15 K and Py= 0 Pa. Also, Ahf,_L and AV‘f ! are the difference

between the molar enthalpy and the molar volume of water in the empty gas hydrate cell

and the liquid phase, respectively. Ah"f,_L can be defined by the following relationship

[70]:
T
ARETE = ARG, + f ACpdT (B.9)
To
ACp is the difference between the water molar heat capacity in the empty gas hydrate
cell and in the liquid phase. ACp can be defined as:
ACp = ACY + b(T — Ty) (B.10)

The constants in formulas (B.9) and (B.10) are given in Table 7:
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Table 7 The parameters of Eq. (B.9) and (B.10) [74]

Parameter Value Reference
Aud, (Ty), J/mole 1256 74
ARY,, J/mole -4822 74
ACP, J/kg.K.mole -38.18 70
B 0.141 70

Finally, a,, is the activity of water in the solution. Calculation of water activity is

discussed in the following section.

B.2. Calculation of Water Activity

For pure water-pure methane gas system, the solubility of methane in the water is low.
Therefore, the activity of water could be considered equal to the water mole fraction or
ay, =X, =1-X, (B.11)
X, is the mole fraction of dissolved methane in water. For the brine-methane system, the

water activity is [75]:

M, 0~
L _ _LZ . B.12
nlaw) = =00 2™ (B.12)

i=1
M,, is water molecular weight, m; is the molality of solute including anions, cations and

natural molecules of gases in the solution and @ is the osmotic coefficient. The following
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formula, which was proposed by Pitzer [75, 76] and later rearranged by Harvie et al.

[77], is used for the calculation of osmotic coefficient.

nc mNg

(2401
(1_®)Zml 1+12]05 zzmcma(Bca-l'ZCca)

c=1la=

nc ner Ng
+ Z Z memgs (D?CI + Z My ¢ gee!
a=1

c=1c'=1&c'#c

Nqg g Nc
€2, D, M| Ot ) me b e
c=1

a=1a'=1&a’#a

nec Nn Ng Nn
c=1n= a=1n=

Ng N¢ Nn

£y Z Mg M Mnaen (B.13)

a=1c=1n=

where m is the molality of solutes and subscripts, a, ¢ and n indicate anions, cations and

natural solutes. I is the ionic strength which is defined by the following formula.
n
1= z m,; z} (B.14)
z;, 1s the charge of ions. Also Z is:
n
7= Zmilzil (B.15)
i=1

Ay 1s the Debye—Hiickel constant, which is the function of temperature, T, and is given

in the following formula. [78]
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1327.32
Ap = 86.684 + 0.085T — 0.0001T? + 4.88 x 1078T3 — B 17.651In(T) (B.16)

where T is temperature in K. B%, is the second virial coefficient for the interaction
between ions with dissimilar charges and is defined as [75, 76]:

B?, = BY, + B e %aVl 4 B2 =12V (B.17)
Q.. 1S constant, where a., = 2 when both anion and cation are monovalent and
., = 1.4 for ions with higher valances. B, and B}, are functions of temperature and
BZ, = 0.

C.q 1s the third virial coefficient for the interaction between ions with dissimilar charges
and is defined as

Cla
2y |zazc|
1

Parameters BY, , BL, and C2, are functions of temperature that have the following

Ceq = (B.18)

general form:
a
f(T) =a; + a;T + asT? + a,T° + ?5 + ag In(T) (B.18)

The constants a; to a¢ for different compounds are given in Table 9.
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Table 8 The constants in the of Eq. (B.17), (B.18) and (B.19)

Pitzer’s Equation parameter Ref.
BIEI((?CI 7.87239712 —8.386x10° 1.4414x107 —8.78x107 —496.920671 —0.821 78

€t 1.70761824 2.3297x10°  —2.4667x107° 1.215x10”  —1.35583596 0388 78

B’E}gl 1697.42977 1.22270943 -9.99x10™* 4.0473x1077 -32868.4422 -328.814 78

Béz)cl -56.2764702 -3.00772x10%  1.056304x107° 3.3332x107° 1117.30349 10.66 78

Cg’a - 26.4231655 2.46923x107* -2.483x107° 1.224x107 -418.098427 -5.3535 78

3152 o -31843.2525 -28.6710358 2.78893x107* -1.32798x107° 524032.958 6407.704 78

B 0.4798961 -4.17397x10°* 0 0 -90.5196847 0 79

K,Br

CI? Br -5.932267x107%  6.33899x10°° 0 0 11.7934031 0 79

B -4.97335195 8.5779%107° 0 0 738.610135 0 80

Na,Br

B —37.2624193 —1.4459%107 0 0 682.885977 6.8995857 81
Na,HCO3

(4]
CN a,HCO3

BISZ)SO -3574.0616 -3.0011206 2.7366095x10°  -1.2192x10°° 60971.6482 711.61312 78
U4
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Table 9 The constants of Eq. (B.13) for secondary cation-cation and ternary cation-

cation-anion interaction parameters

Pitzer’s Equation parameter Ref.

parameter

(=}
[}

Onax —18.2267 —3.6904x10™ 612.415 3.02995 81

Unakso, 563107 1.4146x10°  23x10°  -2.1088x10°  —256.61 0.18538 81

Onang 0.070 0 0 0 0 0 81

Unamg,so, -0.1207 523510 —539x1077  —4.39x10°'° -17.23  1.265x107% 81

|

Ynacact ~7.6398 ~1299x102  1.106x10° 0 1.8475 81

Ok g 0.1167 0 0 0 0 0 81

T ~478x10°  —=327x107  —9.37x10° 3344 -8.84x10° 8l

K —0.0593 2.5428x107* 0 0 —13.439 0 81
Ca,cl

(=}
[}

Yumg,cact 41.579022 1.3038%10" —981.66 —7.4062 81

) 2 o and @ ?c, are the second virial coefficients for the interaction between similar ions

and are defined as [76, 77]
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Y =0+ Fo,(1) + Fo (1) x 1 (B.20)
Parameters £6, ;(I) and E 0; ;(I) account for electrostatic unsymmetrical mixing effects

which depend on ionic strength as well as electrolyte pair type. These parameters usually

are considered to be zero by different researchers [78, 81]. Therefore,

o =06, (B.21)

8;; is the function of temperature with the general form given in formula (B.19). ¢

caa’

and ¢ .. are the ternary ion interaction parameters between a pair of similar ions and

acc

an ion with dissimilar charge.

Table 10 The constants of Eq. (B.13) for the secondary anion-anion and ternary anion-

anion-cation interaction parameters.

Pitzer’s Equation parameter Ref.
parameter a, a a3 y as a6
Ocis0, 0.07 0 0 0 0 0 81

Yersoona 00255 —6.12x10°  —9x10” 3.04x107"° -0.89  —2.28x10° 8l
Yeso,x  0.0608 —1.82x10* —2.15x10° -3.28x10° 522 -3.01x10° 81
Yesoomg 0059 -897x10°  4.7x10° 6.5<10°"" 2413 4.345x10° 81
Weisopca 0026 —9.46x107°  —3.13x107  —1.28x10°  29.44  —6.49x10° 81
BcraNos 0.03 0 0 0 0 0 81
Yenogna 0004 —325x10°  —6.6x10° —274x10 " 583  -9.85x10" 8l

Yeuvogmg  -0.096 0 0 0 0 0 81
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Like#;;, ternary interaction parameters are the function of temperature and have a

js
general form of Eq. (B.19). The constants a; to a¢ for these parameters are given in
Tables 8 and 9. Also, the constants of Eq. (B.19) for anion-anion and anion-anion-cation
interaction parameters are given in the Tables 10 and 11. All the data are taken from the

book published by Marion [81]. Finally, the A,., A,, and {,., are the secondary gas-

cation and gas-anion and the ternary gas-anion-cation parameters.

Table 11 The constants of Eq. (B.13) for the secondary and the ternary ion-gas

interaction parameters.

Pitzer’s Equation parameter Ref.
parameter a; a as ay as a6
AcH, Na 0.0992 2.5791x107 0 0 0 0 20
AcH,k 0.13909 0 0 0 0 0 20
Ach,mg 0.24678 0 0 0 0 0 20
AcH, ca —5.64279 8.51393 0 0 1000.578 0 20
Ach,cl 0 0 0 0 0 0 20
Ach, s0, 0.03041 0 0 0 0 0 20
ACH, HNO, 0.00669 0 0 0 0 0 20
SchyNact  —0.00624 0 0 0 0 0 20
$cn, K .cl —0.00382 0 0 0 0 0 20
$chymgcr  —0.01323 0 0 0 0 0 20

$cH, cacl —0.00468 0 0 0 0 0 20
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These gas-ion interaction coefficients are functions of temperature and have a general

form of Eq. (B.13). The constants a; to a¢ for these parameters are given in Table 11.

B.3. Calculation of Gas Solubility in the Solution

The equilibrium methane solubility in two or three phase equilibrium can be
calculated using Eq. (B.4) and (B.8). The flow chart for the calculation of methane
solubility under methane hydrate formation conditions is shown in Fig. 40. First, the
value of methane mole fraction or molality in solution should be guessed and then we
calculate Aul, and Aul? using Eq. (B.4) and (B.8). Then, we calculate the difference
between Auk and Auf and if it is less than a limit, for example 0.01 [82], the guessed
value of methane molality or mole fraction is the answer. If the above condition is not
satisfied, we change our guess and repeat the above steps again until the condition for

the exit of the loop is satisfied.
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Get parameters like temperature, pressure, gas
and solution composition

A

molality in the solution

> Guess a value of methane mole fraction or

v
Calculate molar volume and
enthalpies of water

\ 4
Calculate Auk

A 4

A

y

Calculate gas fugacity and
Langmuir’s constants

A

y

Calculate 9;

and then Apfl

|Auy, — Ay | < &

Report the value of mole fraction or
molality of methane in the solution

Fig.41 Flow chart for the calculation of equilibrium gas solubility in liquid in the

presence of gas hydrates.
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