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ABSTRACT

A hydrate is a physical combination of water and other small molecules to
produce a solid which has an ‘ice-like’ appearance but possesses a different
structure than ice. The formation of hydrates can plug pipelines, equipments,
instruments and restrict or interrupt the gas flow. The objectives of this research
project are to study the effect of hydrogen sulfide and ethane in the equilibrium
conditions of hydrate formation, effect of temperature and pressure governing the
formation of the hydrate in the presence of the targeted impurities, effect of water
gas ratio in feed on pressure formation of CHy, CO,, C;Hg and H, S hydrate, effect
of water gas ratio in feed on pressure formation of CHy, CO;, C:Hg and H,S
hydrate and the effect of temperature on hydrate phase equilibrium composition
of CH4, COz, C2Hg and H,S mixture hydrate. The research project utilizes the
1ICON software, Excel and K-factor methods to obtain the hydrate formation
temperature, pressure and phase equilibrium composition of the gas hydrate.
Temperature and composition of gas and water are input as the manipulative
variable whereas pressure is the dependant variable. Findings from the research
show that as temperature increases, formation pressure increases. Formation
pressure decreases as the amount of hydrogen sulfide and ethane content
mcreases. Increment in water to gas ratio caused formation pressure to increase.
When pressure increases, amount of impurities incorporated in the hydrate

decreases.
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CHAPTER 1
INTRODUCTION

1.1 Background

Natural gas is a gascous fossil fuel consisting primarily of methane and also
significant quantities of ethane, propane, butane and a few non-hydrocarbon

components such as hydrogen sulfide; H»S, carbon dioxide; CO;, nitrogen; N> and

water.
e
Methane
Ethane C:H; 0-20
Propane CsHs 0-20
Butane C4Hyp 0-20
Carbon Dioxide CO; 0-8
Nitrogen N 0-5
Hydrogen Sulfide HaS 0-5
Rare gases A, He, Ne, Xe Trace

Table 1 Typical Composition of Natural Gases (Naturalgas.org)



Natural gas is clean burning and emits lower levels of potentially harmful
byproducts into the air. Natural gas as a form of energy is used constantly to heat our
homes, cook our food and generate electricity in certain parts of the world. Thus, it is
the need of the energy that has elevated natural gas to such a level of importance in

our society and in our lives.

The demand for natural gas has pushed the energy industries toward the
discovery of remote offshore reservoirs. The ongoing development of offshore
marginal oil and gas fields increases the risk of facing operational difficulties caused

by the presence of gas hydrates.

According -to Sloan (2000), gas hydrates or gas clathrates are crystalline
compounds that formed when water forms a cage-like structure around smaller guest
molecules which commonly comprises of methane, ethane, propane, isobutene,

normal butane, nitrogen, carbon dioxide and hydrogen sulfide.

In the twentieth century, with the expansion of the natural gas industry, the
production, processing and distribution of gas became high-pressured operations.
Under pressure, it was discovered that pipelines and processing equipment were
becoming plugged with what appeared to be “ice” except that the conditions were too
warm for ice to form. In the 1930s, Hammerschmidt (1934) demonstrated that the

“ice” was actually gas hydrates.

Research in the technologic aspects of gas hydrates is increasingly more
intensive. Hydrate properties, hydrate formation and decomposition, effective means
of hydrate control in systems of natural gas extraction, transport and processing, and

new technologies based on the properties of hydrates.



1.2 Problem Statement

Discovered in the 1778, the gas hydrates was not of industrial interest until
these hydrates where found to be causing much problems in the oil and gas industry
at late 1930s. The formation of the hydrate plugs can cause two types of failures at a
pipeline restriction (orifice), obstruction (flange or valve), or a sharp change
direction (bend, elbow or tee). First, hydrate impact can fracture a pipe, and second,

extreme gas compression can cause pipe rupture downstream of the hydrate path.

Examples of the danger of the gas hydrate can be proven by accidenis that

happened at major oil and gas plants throughout the world.

i. 1970’s-Elf Aquitaine North Sea Incident
ii. Mid 1980’s-Statoil North Sea Incident
iii. 1991-Chevron accident
The sour-gas flowline failed when a foreman and an operator was trying to

remove the hydrate mass resulting in the death of the foreman.

iv. 1991-Gulf Oil Incident
Hydrate plug at formed in the overhead line from the amine contractor.
The line had been depressured to the flare system, downstream to the plug.
Unnoticed rapid temperature rise causes the overhead line to come apart,

killing the chief operator. Loss amount to US 6 million.

a
[ Lo A
" ;
A hydrate plug moves down a Bowline Whers the pipe bends, Bie hydrate plug car raptare
a1 very high velogities. . the fowling Urough projectile impact.

A hyrirate plug moves .|
duwn a fTowling at very
High velueities.

e heg -
{osed Valve 1 the veiocily is high enougly, the Cigsed Valve

mumenidin 6f the plug CAR CAUSC Pressurss
large encugh to ruphure the ewline.

Figure 1 Hazard for moving plugs (Sloan, 2000)



1.3 Objectives

The objectives of this research are:

i. To study the effect of hydrogen sulfide, H»S and ethane, C;H¢ on gas hydrate
formation.
ii. To study the effect of temperature on pressure formation of hydrate in the
presence of the targeted impurities
iii. To study the effect of water gas ratio in feed on pressure formation of CHy,
CO;3, H3S hydrate and CHy, CO;, CoHg, HaS hydrate.
iv. To study the effect of temperature on hydrate phase equilibrium composition of

CH4, CO», I8 and CHs, CO», C,Hg, HzS mixture hydrate.

1.4 Scope of Study

The research project utilized the iCON software to predict the behaviors of the
gas hydrate. The study focused on gathering thermodynamic data of hydrogen sulfide,
ethane and methane hydrates, manipulation of operating parameters such as
temperature and pressure of the feed stream. Different composition of natural gas and
water gas ratio is also used. Besides that, K-Chart Method is used to obtain the

hydrate phase equilibrium composition of the mixture hydrate.

1.5 Relevancy of the Project

Gas hydrates is of interest due to three primary reasons:

i. Production (flow assurance) problems

Gas hydrates spontaneously form in petroleum production equipment and
pipelines associated with deep-water petroleum production and arctic on-shore
petroleum production. These unwanted hydrates can clog equipment, preventing the

optimum production of hydrocarbons.



ii. Gas hydrates are a potential energy resource

Considering the planet as a whole, the quantity of natural gas in sedimentary
gas hydrates greatly exceeds the conventional natural gas resources (for example,
Kvenvolden, 1993). As a result, numerous studies have discussed the energy resource
potential of gas hydrates (for example, Collett, 1993, 1997, 2002; Iseux, 1992,
Kvenvolden, 1993; Milkov and Sassen, 2003).

However, utilization of gas hydrates as an energy resource has been largely
inhibited by the lack of economical methods for production for most hydrate
accumulations. A variety of different mechanisms have been proposed for

economically developing gas hydrates as an unconventional gas source.

iii. The role of gas hydrates in past and future climate changes

According to Oil Tracers (2007), gas hydrates are also of interest because of
their potential role in climate change. Gas hydrates in continental shelf sediments can
become unstable either as a result of warming bottom water, or as a result of a
pressure drop due to a reduction in sea level. If these marine gas hydrates begin to
rapidly disassociate into gas + water, then the methane trapped in the gas hydrates can

be released to the atmosphere.

Methane is a greenhouse gas, methane i3 many times more effective as a
greenhouse gas than is CO,. According to Oil Tracers 2007, if the flux of methane to
the atmosphere from dissociating hydrates is sufficient in quantity, this methane can
cause global warming. This process is believed to have influenced past climate
changes (for example, Henriet, 1998; Haq, 1998; Hesselbo et al., 2000; Kvenvolden,
1991), and may enhance the current global warming episode by way of a "positive
feedback" loop. Specifically, as the earth warms, increasing bottom water
temperatures could cause gas hydrate disassociation in many marine shelf locations.
This gas hydrate disassociation would cause further warming due to the greenhouse

effects of the gas which is released.



1.6 Feasibility of project within scope and time frame

Final year project is a course which is conducted for two semesters. In the first
semester, the project covered on the literature reviews for gas hydrate formation and
also familiarization with the iCON software. The second semester focused on the
simulation by the iCON software and comparison with the manually calculated K-

Factor method.



CHAPTER 2

LITERATURE REVIEW
Crystal hydrates

Host-guest graduate . other
hydrates |
True clathrates Semi clathrates {onic hydrateé
Structure 1 Amines }
Structure 11 Fthanol
Structure H Salis Acids Bases

Figure 2 : Schematic representation of hydrate types (Makagon, 1997)

Gas hydrates is a mineral of the clathrate hydrate group widely spread in
nature. Generally there are three types of structure for hydrates. Structure I (SI) is a
body centered cubic structure which contains 46 water molecules and small natural
gas molecules. Structure II (S II) is a diamond lattice within a cubic framework and
contains 136 water molecules. This structure forms when natural gases or oils
contains molecules larger than ethane but smaller than pentane. S 1I commonly occurs
in hydrocarbon production and processing conditions. Structure H (SH) is named for
its hexagonal framework and has large cavities enough to contain molecules the size

of common components like naphtha and gasoline.



The water molecules referred to as the host molecules, and the other
compounds (for example ethane, propane), which stabilize the crystals, are called the
guest molecules. Carroll, 2003 states that the stabilization resulting from the guest
molecule is postulated fo be caused by van Der Waals forces. No bonding occurs
between the host and guest molecules as the guest molecules are free to rotate in the

cages built up from the host molecules.

The most encountered hydrates have the cubic Structure I and I1. Their lattices
are the least different energetically from the ice lattice, and the molar ratio of water

and hydrate former varies between 5.75 and 17.

Methane, ethane,
had carban dioxide....
Water moleculs ‘cage’ @

Propane, isoc-butane,
nafural gas....

Gas moleciule

{o.g. methane) Meathane + naohexane,

methane + cycloheptana.. ..

Figure 3 :Type of gas structure (Gas Hydrate Research, 2007)

Equilibrium curves for common hydrate formers at temperatures below 0°C
can be seen from Figure 4 below. Equilibrium content of water vapor above hydrate

is significantly lower than above liquid water or ice.
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Figure 4 Hydrate formation with different gases at T<0°C (Makagon,
1997)

2.1 Brief History of Gas Hydrates

In the early 1820’s, Davy and Faraday discovered hydrates while working in
Davy’s lab in the. They reported the dissociation of an ice-like solid that formed
above the freezing point of water in mixtures of chlorine and water. Since then, many
researchers have attempted to identify the hydrate forming components as well as he

pressure and temperature conditions for hydrate dissociation.

When Hammerschmidt (1934) determined hydrates in pipelines, he published
a correlation summary of over one hundred hydrate formation data points. Shortly
afterwards, Professor D.L. Katz and his students at the University of Michigan began

an experimental study, and came out with two correlative methods, one of which is

the gas gravity method.



Wilson, Carson and Katz (1941) then came out with a initial predictive
method called K; method for hydrates on a water-free basis. Establishment of the K;
value (defined as the component mole fraction of ratio in the gas to the hydrate phase)
for each of the number of components enabled the user to determine the pressure and

temperature of hydrate formation from the mixtures.

2.2 Conditions for hydrate formation

Hydrate formation is a time dependent process. Gas composition, presence of
crystal nucleation sites in the liquid phase, degree of agitation, temperature and
pressure all contributes to the formation of gas hydrates. During the transient ‘hydrate
formation period’ the liquid water present is termed ‘metastable liquid’. Metastable

water is liquid water at which in equilibrium will exist as hydrate.

According to Carroll 2003, the formation of a hydrate requires three conditions:

i. The right combination of temperature and pressure.
Hydrate formation is favored by low temperature and pressure. The exact
temperature and pressure depends on the composition of the gas; however

hydrates form at temperature greater than 0°C (32°F).

il. A hydrate former
Type I hydrate formers include methane, ethane, carbon dioxide and
hydrogen sulfide. In the hydrates of methane, carbon dioxide and
hydrogen sulfide, the guest molecules can occupy both small and large
cages. On the other hand, the ethane molecule occupies only the large

cages.

iii. Sufficient amount of water
The molar ratio of water and hydrate former for Type | and II hydrates

varies between 5.75 and 17,

10



Typically, hydrate formers cannot be removed from the mixture. Thus, only

condition i and iii can addressed to prevent hydrate formation.

Other phenomena that can enhance hydrate formation include:

i. Turbulence

High velocity: Hydrate formation is favored in regions where the fluid
velocity is high. This makes choke valves particularly susceptible to
hydrate formation. First, there is usually a significant temperature drop
when natural gas is choked through a valve because of the Joule-Thomson

effect. Secondly, the velocity is high through the narrowing in the valve.

Agitation: Mixing in a pipeline, process vessel, heat exchangers enhance

hydrate formation.

ii. Nucleation sites
Nucleation sites for hydrate formation include an imperfection in the
pipeline, a weld spot, a pipeline fitting (example; elbow, tee, valve). Silt,

scale, dirt and sand make good nucleation sites as well.

iii. Free water
Free-water is not necessary for hydrate formation, but the presence of free-
water enhances hydrate formation. In addition, water-gas interface is a good

nucleation site for hydrate formation.

2.3 Thermodynamic hydrate prevention methods

According to Sloan, 2000, hydrate can be prevented by these thermodynamic

prevention methods,

1. Reducing the water concentration from the system. Unfortunately, water
removal is not feasible between the wellhead and the platform.

1. Operating at temperatures above the hydrate formation temperature for a
given pressure by insulation the pipelines or applying heat. High reservoir
fluid temperature may be retained through insulation and pipe bundling,
or heat may be added through hot fluids or electrical heating, but this

option 1s not very economical.

11



iti. Operating at pressures below the hydrate formation pressure for a fixed
temperature. This in turn lowers the density, and leads to declining of
pipeline transportation efficiency. '

iv. Adding inhibitors such as salts, methanol, and glycols to inhibit the
hydrate formation conditions and shift equilibrium curve to a higher

pressure and lower temperature.

2.4 Hydrate Nucleation

Hydrate nucleation is a process, during which small hydrate crystals (nuclei)
grow and disperse in an attempt to achieve critical size for continued growth. While
the mucleation step is a microscopic phenorhenon involving tens to thousands of
molecules which is difficult to be observed experimentally (Mullin, 1993). Current
hypothesis for hydrate nucleation are based upon the better known phenomena of
water freezing, the dissolution of hydrocarbon in water, and computer simulations of

both phenomena.

2.5 Mechanism of hydrate formation

As a result of experimental studies it was determined (Makagon, 1997) that

the process ot hydrate formation starts at the free gas-water surface:

a) on a free contact surface of liquid water-gas or liquid water-liquid gas

b) on the surface of the water drop-water film that condensed in a gas volume

¢) onthe surface of gas bubbles that separate out within a water volume

d) on the interface of the condensed gas drops-dispersed condensed gas, as the
condensed gas evaporates within a volume of free gas saturated with water
vapors

e) on the water-metal interface where the adsorption of the molecules of gas

dissolved in the water takes place.

12



2.6 Equations of State

Fanchi and John R.(1997) states that an equation of state is a formula
describing the interconnection between various macroscopically measurable
properties of a system. For physical states of matter, this equation usually relates the

pressure, temperature, volume, and number of atoms to one another.

There are two types of equation of states namely virial and cubic equations.
However, commercial reservoir simulations generally employ the cubic ones (Smith,
J.M et al., 2005). Polynomial equations that are in molar volume offer a compromise
between generality and simplicity that is suitable to many purposes. Accordihg to
Danesh and Ali (1998), cubic equations are in fact the simplest equations capable of

representing both liquid and vapor behavior.

Reservoir simulation software normally provides several equations of states as
the calculation basis to choose from. Various equations of states need to be available
to cover different reservoir characters. The common equations of states need to be
available vary from Peng-Robinson, Redlich-Kwong, and Zudkevitch-Joffe-Redlich-

Kwong.

Van der Waals equation which is commonly referenced in textbooks and
papers for historical reasons, it is now almost obsolete. Other slightly complex
equations are much more accurate. Gases are treated ecither as ideal gas or real gas.
Although no gas is truly ideal, many gases follow the ideal gas low very closely at

sufficiently low pressures. Ideal gas law which was determined empirically is:

PV =nRT (2-1)
P = pressure
V = volume

n = moles of substances
R = ideal gas constant

T = temperature

13



Elliot et al.(1999) states ideal gas law is valid with assumptions that the
molecules or atoms of the gas are monoatomic, possessing mass but no significant
volume, and undergo only elastic collisions with each other and the sides of the

container in which both linear momentum and kinetic energy are conserved.

However, these assumptions are not always fulfilled in reality. Thus, these
equations are modified to comply with the characteristics of real gases. Real gas laws
try to predict the true behavior of a gas better than the ideal gas law by putting in

terms to describe attractions and repulsions between molecules.

2.6.1 Van der Waals equations of states

In 1873, while searching for a way to link the behavior of liquids and gases,
Dutch physicist Johannes van der Waals developed an explanation for these
deviations and an equation that was able to fit the behavior of real gases over a much

wider range of pressures.

As the volume of real gas is too large at high pressures, van der Waals
introduced a constant b into the ideal gas equation that was equal to the volume
actually occupied by a mole of gas particles. A term from the volume of real gas is
subtracted before being substituted into the ideal gas equation. Volume of the gas
particles depends on the mumber of moles of gas in the container, thus the term that is
subtracted from the real volume of the gas is equal to the number of moles of gas (n)

times b.

P(V-nb) = RT (2-2)

The term nb is insignificant when the pressure is relatively small and the
volume is reasonably large. Another assumption is that there is no force of attraction
between gas particles. In reality, small forces of attraction between gas molecules

exist.

To correct the incorrect assumptions that pressure of real gas is smaller than expected

from the ideal gas equation, van der Waals added a term of pressure into the equation.

14



Therefore, the complete van der Waals equation is as follows:

Where a and b can be determined either empirically for each individual compound or

estimated from the relations;

27RT. RT,
a=—2| and  [b=—o (2-4), (2-5)

T.= critical temperature

P.= critical pressure

2.6.2 Redlich-Kwong equation of states

Redlich-Kwong equation of states is of interest primarily due to its relatively
simple form. While superior to the van der Waals equations if states, it performs
poorly with respect to liquid phase and thus cannot be used accurately to calculate

vapor-liquid equilibrium.

The Redlich-Kwong equations of states is adequate for calculation of gas
phase properties when the ratio of the pressure to the critical pressure is less than one-

half of'the ratio of the temperature to the critical temperature:

. 56

[

15



The Redlich-Kwong equation is:

P+— V), -b)=RT
V,(V, +b)T*
” 27R’T? . RT,
= =
Wi 64P, an 8P,

P = pressure

T = temperature

V. = molar volume

R =1deal gas constant

b = empirical constant

2.6.3 Soave-Redlich Kwong equation of states

(2.7)

(2.8), (2.9)

Soave replaced the term aT ™ of the Redlich-Kwong equation with a function

oT,w) involving temperature and acceniric factor. The o function was devised to fit

the vapor pressure data of hydrocarbons. Soave-Redlich-Kwong equation of states is

quite capable of predicting vapor-liquid equilibrium, but does not provide reliable

liquid density according to Danesh, Ali (1998).

[m_
v,V +b)

nt

a

I

J(Vm —b)=RT

where

with

a =(1+(0.480+1.574@ - 0.176¢0" )(1 - T.°*))’

a

_ 0.42747R°T,
- J2

[+

and

b =0.08664

RT

[«

[
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2.6.4 Peng-Robinson equation of states

Peng-Robinson modified the attractive term to improve the prediction of
equations of liquid density in comparison with Soave-Redlich-Kwong equation of

states. This equation is given by:

ot
P V. —b)=RT 2.14
( V,,;(rf,,,+b)+b(rc,1—b)}( P @19
where [a = (1+(0.480 +1.574w — 0.1760° (1 — T."° )** (2.15)
0.457235R°T* RT
with |a= P | and |[b=0.077796—= (2.16), (2.17)

Both Soave-Redlich-Kwong and Peng-Robinson are possible candidate for the
calculation of hydrate phase equilibrium as long as solid phase does not play a

significant role.

2.7 Hydrate calculation method

The initial problem surfaced when designing processes involving hydrates are
to predict the formation temperature ands pressure. There are a series of method that
can be used to predict the formation conditions either by manual calculation or
computer programs.

Manual calculation methods are useful for estimation of hydrate formation
condition. Unfortunately, the drawback of these methods is that they are not highly

accurate. However, these methods remain quite popular.

Two methods commonly applied tribute to Katz and co-workers are “gas

gravity” and the “K-factor” method.
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2.7.1 Gas Gravity Method

The gas gravity method was developed by Professor Katz and co-workers in
the 1940s. This method involves a single chart which relates pressure, temperature
and specific gravity of the gas. Given the molar mass of the gas, M, the gas gravity, v

can be calculated as follows:

M

Y = 58,966

(2.18)

The value 28.966 is the standard molar mass of air.

50

10 CH47—A¥}/ 0.7 /{ rd
R B
/j’/‘/){ 0
j .

ol

0'5 — P L

0.2 -
G 2 4 6 8 10 12 14 18 18 20 22 24 26
Temperature (°C)

Figure 5 Hydrate locus for sweet natural gas using gas gravity method
(Carroll, 2003)

From Figure 5, if the value calculated is to the left and above the appropriate
gravity curve, then hydrate will form. This chart, however an approximation is and

should only be used as such.
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2.7.2 K-Factor method

Originated from Carson and Katz (1942), this method is defined as the

distribution of the component between the hydrate and the gas:

'K,‘ = Yi
i (2.19)

Where v; and s; are the mole fractions of component i in the vapor and hydrate
respectively. These mole fractions are ona free-water basis, and water is not included

in the calculations. It is assumed that sufficient water is present to form a hydrate.

The evaluation for K value for CHy CO; C;Hs and H;S can be done using the
proposed formula by Sloan, 1997 as:

InK = A +B*T + C*r + D*T7 + B* 7l + F¥T* 7+ G*T° + H* = +
I* T+ J*In(r+T ") + K*(. 72 + LAT* 7l + MAT? 74 N* T2 +
OFT* 72+ P*T° + Q* ©T2 + R*T*
(2.20)

where 7 = pressure in psia, T = temperature, °F

The K-value charts were gencrated for methane, ethane, propane, carbon
dioxide, hydrogen sulfide, and nitrogen. Having the K-value of every component in
the mixture at three phases (Lw-H-V) equilibrium, the hydrate formation preésure at a
given temperature or vice versa. This method is up to the hydrate formation pressure
up to 4000 psia for methane, ethane and propane; up to 2000 psia for isobutene and
hydrogen sulfide; up to 1000 psia for carbon dioxide. Sloan (1997), mentidned that
the accuracy of the K-value method is impressive, considering the fact that the
method preceded the knowledge of the crystal structure. Versions of methane, ethane,
carbon dioxide and hydrogen sulfide charts, parameters and accuracy are included in

Appendix A.
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2.7.2.1 Calculation Algovithms

K-Charts are usually used in three methods:

a) Flash

The first type of calculation is basically a flash. The objective is to calculate the
amount of phases present in an equilibrium mixture and to determine the
composition of the coexisting phase. The temperature, pressure and the

compositions are the input parameters.

The objective function to be solved in the Rachford-Rice form is:

z;(1-K,)

Vy=3_i il
S 1+V(K —1) (2.21)

where z; is the composition of the feed on water-free basis. Tterations are used to
solve for the vapor phase fraction, V, such that the functions equals to zero.

The vapor phase composition can then be computed as follows:

L 2.22
YOOIk, - (222)
The composition of solid then can be calculated from:
Yi
5, =L 2.23
=% (2.23)
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b) Incipient Solid Formation

The other two methods are incipient solid formation points and are basically
equivalent to a dew point. This is a standard hydrate calculation. The purpose of
this calculation is:

i) To estimate the pressure if temperature and composition is given

i1) To estimate the temperature if pressure and composition is given

£ zl_z% (2.24)

H

L(Py=1-3 2
L) K, (2.25)

Equation 2.24 or 2.25 is chosen depending on whether to calculate pressure or

temperature. Iterations are performed on the function until it equals to unity.
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CHAPTER 3
RESEARCH METHODOLOGY

The project will be divided to 5 phases in order to ensure the smoothness of
the project flow. The first phase will be attributed to understanding of hydrates and its
formation, followed by familiarization with the iCON simulation software,
temperature and pressure simulation with and without the presence of impurities,
hydrate equilibrium condition with the presence of hydrogen sulfide, H,S and ethane,

C:Hg, and lastly the analysis of data.

3.1 Studies.on Hydrates.

In order to simulate the formation temperature and pressure of gas hydrates,
the properties of hydrate has first to be identified. The properties, conditions for
formation, prevention method, calculation method and problems in industry will be

covered in this phase.

3.2 Familiarization of iCONS software

ICONS software is Petronas Steady State Simulator which is jointly
developed by Petronas Research and Virtual Materials Group. PetronasSim version
2.55.2 that will be used in this work is capable of predicting hydrate formation
pressure/temperature gas compositions and water/gas ratio. Hydrate simulation is
built based on K-factor method and Advanced-Peng Robinson equation of state. K-
factor which originated from Carson and coworkers (1942) is defined as the
distribution of component between hydrate and the gas which is available in literature
for each of the components commonly encountered in natural gas. In iCONS,
Advanced-Peng Robinson is chosen as the property package for the calculation of
hydrate formation pressure and temperature due to its stability with all the fluid

properties in natural gas.
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3.3 Temperature and Pressure Simulation

The temperature and composition of gas and water will be made manipulative
variable and pressure will be made the dependent variable. The system will be
simulated using water/gas ratio of 5.75 which is the minimum water/gas ratio for

Hydrate Structure T when all cages are filled with gas molecules.

3.4 Hydrate equilibrium Condition

The hydrate equilibrium for methane, CH4 and carbon dioxide, CO:; will first
be studied. Then, hydrogen sulfide, H>S and ethane, C;Hs will be introduced and the
effects will be studied.

3.5 Analysis of data

Results of the simulation will be presented and discussed n detail as below in

Chapter 4:

i) Effect of temperature on pressure formation of CHs, CO; and ;S mixture
hydrate.

11) Effect of H,S content on pressure formation of CHy and CO» equilibrium
hydrate

iii) Effect of temperature on pressure formation of CHy, CO,, C;Hs and HpS

mixture hydrate.

1v) Effect of H;S and C;Hs content on pressure formation of CH4 and COs

equilibrium hydrate

v) Effect of water gas ratio in feed on pressure formation of CHy, CO,, C;Hg
and H>S hydrate

Vi) Effect of temperature on hydrate phase equilibrium composition of CHa,

CQ,, C2Hg and H2S mixture hydrate

vii)  Comparison between iCON and K-Chart Method
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Identify the problem
statement and objectives
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Get required data
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Parameter Simulation of gas hydrate
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hydrate presence

Results of gas hydrate
formation condition known
and studied

Figure 6 Methodology of the research project
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Open a stream package of CHy, CO,, H3S, C;Hy and H,0O

-Property Package: Choose Advanced Peng-Robinson as
thermodynamic model and Natural Gas Processing as Chemical
System Categories.

-Components: Add CHy, CO,, H;S, C,Hy and H,O

Open Hydrate Calculation Unit and connect to the stream

Input the gas composition

Input the components fraction and designed temperature

h

Output hydrate formation pressure by iCON

Figure 7 Simulation steps in iCON to obtain formation pressure
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Input Gas Composition of CHa, CO;,, H,S, CoHy and H,0

4

Input Temperature, T

b

Assume a value for Pressure, P

y

Calculate K values for CHs, COz, H,S, CoHy4 and H,O from
Equation 2.20

:

Calculate f{V) from Equation 2.21

Calculate vapor and solid composition of CH4, CO,, H,S, C;H,
and H>O from Equation 2.22 and 2.23

Figure 8 K-Chart method using Excel to obtain hydrate equilibrium
composition
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CHAPTER 4
RESULT AND DISCUSSION

This section presents the data obtained form the simulation using Petronas

1CONs and K-Chart Method which comprises of studies on:
1) Effect of H,S content on CHy hydrates formation.
if) Effect of C:Hs content on CH4 hydrates formation.
i11) Effect of C;Hg and H,S on CH,4 hydrates formation.

1v) Effect of water gas ratio in feed on formation of CHs, CO,, C2Hs and H,S

mixture hydrate.

v) Effect of temperature on hydrate phase equilibrium composition of CHa,

COs, C;Heg and H>S mixture hydrate

vi} Comparison between {CON and K-Chart Method



4.1 Effect of impurities H,S, C;H; and combination of H:S, C;Hg on CH4

hydrate formation

Pressure{kPa) vs Temperature(°C)
Pressure(kPa)

% CH.

—e—— 60%

—m— 70%

—— 80%

e 00%

—¥— 100%

-15 15

Temperature(°C)

Figure 9 Pressure formation versus temperature for CHi, CO,, H,S
(WGR 5.75). (iCON simulation)

Pressure(kPa) vs Temperature(°C)
Pressure
% CH.
e 5095
—— 7%
—ir— 80%
~—90%
i 100%
-15 -10 -5 0 5 10 15
Temperature

Figure 10 Pressure formation versus temperature for CHas, CO,, C:Hsg
(WGR 5.75). (i1CON simulation)
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Pressure(kPa) vs Temperature(°C)
Pressure{kPa)

%CH.

—— 60%

—=— 70%

—&— 80%

wpe B0%

—¥— 100%

-15 15

Temperature(°C)

Figure 11 Pressure formation versus temperature for CHy, CO,, S, Cls
(WGR 5.75). (iCON simulation)

Figure 9, Figure 10 and Figure 11 shows the plot formation pressure of CHy
hydrate with impurities, H,S and C;Hg respectively and combination of both at
various CH4 compositions ranging from 60% to 100%. These pressures are obtained
from iCON simulation by varying the temperature from -10°C to 10°C. This range of
temperature is based on upstream facilities in Saderi platform where studies found

that the minimum temperature of seabed is -15°C.

From the positive slope of these three figures, it can be deduced that higher
temperature requires higher formation pressure. Below 0°C, the increase in formation
pressure is smaller compared to temperature greater than 0°C. The difference can be
explained by the change in phase equilibrium. As the temperature increases from
negative to positive, the phase changes from I-V-H (Ice-Vapor-Hydrate) to L,-V-I1
(Liquid water-Vapor-Hydrate).

Based on the figures, the change of phase equilibrium occurred at 0°C. This
finding can be supported by Figure 4, Makagon (1997) where the turning points
{guadruple point) for pure CHy, HyS, C;Hg and CO; for P-T Hydrate formation are at

0°C. Thus, this can prove that change of phase at 0°C also applies to mixtures.
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The presence of C,Hg and H,S lowers the formation pressure of CH4 and
CO; hydrate. In terms of molecular structure level, the reason presence of cthane,
C:He and hydrogen sulfide, H;S lowers the formation pressure required for hydrate
formation at a given temperature is because of structural change. According to Sloan
(1997), a big structure of molecules lowers the equilibrium pressure and it is vital for
stability. Furthermore, according to GPSA (1998), the presence of COzand H,S shifts
the equilibrium lines to the right. This results in a decrease in hydrate pressure for a

given temperature.

4.2 Effect of Water Gas Ratio (WGR) on pressure formation of CH, hydrate

with the presence of impurities

Delta P(kPa) vs Temperature(°C) for different WGR
Delta P(kPa)

5 e
i

-200 A

-300 A

400
Temperature(°C)

Figure 12 Delta P formation at different WGR to temperature for 80% CHa,
13.3% CO; and 6.7% H,S (basis WGR=5.75)
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Delta P(kPa) vs Temperature(°C) for different

WGR
Deita P{kPa)

I o WGR
-15 s | —*—5.75
—i—1
e 3
7
-2.5
Teméeréture{"C)

Figure 13 Delta P formation at different WGR to temperature for 80% CHy,
16% CO; and 4% C;Hg, (basis WGR=5.75)

Delta P(kPa) vs Temperature(°C) for different WGR
Delta(P)

A0
it

K WGR
‘.-:“- .:—'-‘"'"‘;':4'—__,_/\-\&——"‘""-; - f + 5-75
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Figure 14  Delta P formation at different WGR to temperature for 80% CH,,
3.64% CO;, 14.55% CyHg and 1.82% H,S_(basis WGR=5.75)
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Figure 12, Figure 13 and 14 shows the delta P of h CH4 hydrate with
impurities, H>S and C,Hg respectively and combination of both at various water to gas
ratio ranging from 1, 3, 5.75 and 7. According to McCain (2003), the carbon dioxide
composition in natural gas is higher than that of hydrogen sulfide, thus a ratio of 2:1
of CO; to H,S is taken. The formation pressure at water to gas ratio of 5.75 is taken
as reference pressure because 5.75 is the minimum water to gas ratio that represents
the full occupancy of 12-hedral cages of Structure 1 hydrate. From these figures, it
can be scen that delta P of water to gas ratio of 7 is positive whereas the water to gas
ratio of 1 and 3 is negative. This concludes that higher water to gas ratio signifies
higher formation pressure to form hydrate. According to McCain (1990), the water
gas ratio will affect the configuration of hydrate and also determines whether the gas

hydrate will form at the condition.
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4.3 Effect of Pressure on Hydrate Phase Equilibrium Composition of CH,

hydrate in the presence of impurities

% Solid vs Pressure(kPa) at2°C
% Solid

100.0%

80.0% -

60.0% —e—CH4
—f— CO2

40.0% - | . HOS

20.0% -

0.0% ‘ ‘ ‘
1500 2000 2500 3000 3500
Pressure{kPa)

Figure 15 Solid Phase versus Formation Pressure for CHs, CO;, H,S hydrate at
2°C, 80 mol% CH,. (K-Chart Method)

% Solid vs Pressure(kPa) at 6°C
% Solid
100.0%
80.0% -
60.0% - —e—Chd
—a— CO?
40.0% 3 I HZS
20.0% 1
B — - —i8
0.0% . . 4 .
2200 2700 3200 3700 4200 4700
Presure(kPa)

Figure 16 Solid Phase versus Formation Pressure for CH4, CO,, H;S hydrate at
6°C, 80 mol% CH,. (K-Chart Method)
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% Solid vs Pressure(kPa) at 10°C
% Solid
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80.0% - /""“‘
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40.0% -
N — & H2S
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e
0.0% L S i
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‘Pressure (kPa)

Figure 17 Solid Phase versus Formation Pressure for CHy, CO», HoS hydrate at
10°C, 80 mol% CHjy. (K-Chart Method)

% Solid vs Pressure(kPa) at 2°C
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Figure 18 Solid Phase versus Formation Pressure for CHs, CO., HaS, CHg
hydrate at 2°C, 80 mol% CHs. (K-Chart Method)
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% Solid vs Pressure(kPa) at 6°C
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Figure 19 Solid Phase versus Formation Pressure for CHi, CO,, H.S, C;Hg
hydrate at 6°C, 80 mo1% CHa4. (K-Chart Method)

% Solid vs Pressure(kPa) at 10°C
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Figure 20 Solid Phase versus Formation Pressure for CH4, COy, HS, C,Hg
hydrate at 10°C, 80 mo1% CHy. (K-Chart Method)
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As pressure increases, HpS and C;Hg content in the solid (hydrate) decreases
as shown in the graphs (Figure 15 to 20). The decrement corresponds to the
mcrement of CH4 content in the hydrate. This reduction of impurity phase is because
as pressure increases, more CHy will be incorporated into hydrate lattice and be

distributed into two phases.

4.4 Comparison for iCON and K-Chart Method Calculation at 80 mol%
Methane

Pressure(kPa) vs Temperature("C)

Pressure(kPa)
5000

4000 -
. ~—-— [CON
3000
—8— K-Method

2000 -

1000

0 H T T T T

0 1 2 3 4 5 6
Temperature(°C)

Figure 21 Comparison for iCON and K-Chart Method Calculation for 80 mol%
Methane.

_ Figure 21 shows the comparison for pressure formation obtained from iCON
simulation and iterations by K-Chart Method. There is not much deviation between
these two methods proves the reliability of the simulation results as Sloan (1997)
mentioned that the accuracy of K-Chart method is impressive, considering the fact
that the method preceded the knowledge of the crystal structure and thus the K-Chart

Method can be used as a reference.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

In conclusion, the objectives of this research have been achieved as the author
has managed to explore the effect of hydrogen sulfide and ethane in the equilibrium
conditions of hydrate formation, effect of temperature and pressure govemning the
formation ofthe hydrate in the presence of the targeted impurities, effect of water gas
ratio in feed on pressure formation of CHy, COg, C>Hg and H,S hydrate, effect of
water gas ratio in feed on pressure formation of CH4, CO,, C;He and H,S hydrate and
the effect of temperature on hydrate phase equilibrium composition of CHa, COg,

C>yHg and H»S mixture hydrate.

For gas hydrate formation at higher temperature requires higher pressure.
Hydrate occurred during many working conditions for example while drilling and
producing the natural gas form the well or while processing and transporting in the
pipeline. Therefore, it is recommended that the upstream facilities be operated at

optimum temperature and pressure.

The presence of CO,, CoHg and H2S lowers the hydrate formation pressure. In
terms of molecular structure level, the reason presence of ethane, C;Hg and hydrogen
sulfide, H»S lowers the formation pressure required for hydrate formation at a given
temperature is because of structural change. This is because a big structure of
molecules lowers the equilibrium pressure and it is vital for stability. Higher water to
gas ratio signifies higher formation pressure to form hydrate. As pressure increases,
H»S and C;Hg content in the solid (hydrate) decreases. ICON simulation and K-Chart
Method shows good compromise as the difference between these two methods are

small.
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The compositions and natural gas, specifically in this case, CO,, C;Hg and
H;S should be taken into high consideration as according to Sloan (1997), hydrate
prevention is necessary in the oil and gas industry as the prevention of hydrate
formation requires substantial investment; as much as up to 10 to 15% of the
production cost. Removal of continuous hydrate plugs from an onshore well costs up

to $1 million, and from an offshore pipeline, $2 to 4 million.
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APPENDIX A
K-VALUE CHARTS
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K-VALUE CONSTANTS

A 1.63636 6.41934 24.707100

B 0 0 0 0.061920

C 0 0 0 0

D 31.6621 -207.033 -290.283 82.627000

E -49.3534 0 2629.10 0

F -0.00000531 0.0000466 0 -0.000007

G 0 -0.006992 0 0

H 0 -0.00000289 | -0.00000009 0

I 0.128525 -0.006223 0.129759 0.240869

J -0.78338 0 -1.19703 -0.644050

K 0 0 -84600 0

L 0 0 -71.0352 0

M 0 0.27098 10.596404 0

N -5.3569 0 -4.7437 -12.704000

0o 0 0 78200 0

P -2.3E-07 0.0000882 0 -0.000001

Q -2E-08 0.00000255 0 0

R 0 0 0 0
Correlation 0.999 0.996 0.998 0.999000
Coefficient

K Value constants for Methane, Carbon Dioxide, Ethane and Hydrogen Sulfide

(GPSA, 1998)
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APPENDIX B
ICON SIMULATION RESULTS

Table B1:Hydrate temperature and pressure formation for CH,, CO,, H.S (WGR 5.75)

Composition | T(°C) P(kPa) | Composition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa)
-10 1 522.03508 -10 | 670.1463 -10 | 889.1352
60% CH, -8 | 575.44928 | 70% CH, -8 | 737.4392 80% CH, -8 | 975.57M1
6 | 632.41049 -6 | 809.0382 -6 1067.169
26.7% CO. -4 | 692.95074 | 26.7% CO, -4 | 884.9587 | 13.3% CO, -4 1163.901
-2 | 757.07958 -2 | 965.1866 -2 1265.695
13.3% H.8 0 824.78208 | 13.3% H.S 0 1049.674 | 6.7% H.S 0 1372.435
2 1029.4349 2 1310.763 2 1713.056
4 1277.8847 4 1626.549 4 2121.864
6 1585.3789 6 2017.947 6 2628.274
8 1967.5633 8 2505.421 8 3258.94
10 | 2445.4849 10 | 3116.724 10 | 4050.282
Table B2:Hydrate temperature and pressure formation for CHy4, COs,
H;S (WGR 5.75)
Composition | T(°C) P(kPa) Composition | T(°C) P{kPa)
-10 | 1244.5981 -10 | 19201.5141
90% CH, -8 1357.9983 | 100% CH, -8 2049.6528
-6 1477.298 -6 2203.5946
6.7% CO, -4 1602.3591 0% CO, -4 2363.0599
-2 1732.9922 -2 2527.7168
3.3% H.8 0 1868.9637 0% H.S 0 2697.1892
2 2325.806 2 3323.646
4 2865.4882 4 4041.3097
6 3530.9055 6 4916.7678
8 4356.1163 8 5991.5142
10 5387.8474 10 7322.6481
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Table B3:Hydrate temperature and pressure formation for CHy, CO», H,S (WGR 1)

Composition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa)
-10 506.1031 -10 | 648.55253 -10 | 856.1262
60% CH, -8 556.63192 70% CH, -8 712.13333 80% CH;, -8 937.3389
-6 610.31829 -6 779.55874 -6 1023.16
26.7% CO;, -4 667.1671 | 26.7% CO; -4 850.82509 | 13.3% CO; -4 1113.545
-2 727.161186 -2 925.89266 -2 1208.411
13.3% H,8 0 790.26474 | 13.3% H.S8 0 1004.6993 6.7% H:S8 0 1307.643
2 978.80856 2 1245.338 2 1620.026
4 1204.8776 4 1533.2855 4 1991.599
6 1480.5581 6 1885.6357 6 2446.902
8 1817.566 8 2318.4219 8 3007.63
10 2231.2813 10 2853.1406 10 3703.433

Table B4:Hydrate temperature and pressure formation for CH,, CO,,
H.S (WGR 1)
Composition | T(°C) P(kPa) Composition | T(°C) P(kPa)
' -10 1204.6087 -10 | 1901.5141
90% CH, -8 13126455 | 100% CH, -8 2049.6528
-6 1426.1641 -6 2203.5946
6.7% CO, -4 1545.0433 0% CO, -4 2363.0599
-2 1669.1099 -2 2527.7168
3.3% H,S 0 1798.1476 0% H,.S 0 2697.1892
2 | 2226.6384 2 3323.646
4 2731.0783 4 4041.3997
6 3350.0683 6 4916.7678
8 4114.4964 8 5991.5142
10 5067.1599 10 7322.6481
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Table B5:Hydrate temperature and pressure formation for CH,, CO;, H,S (WGR 3)

Composition | T(°C) | P(kPa) | Composition | T(°C)} | P(kPa) | Composition T(°C) | P(kPa
-10 | 512.22073 -10 | 656.21538 -10 | 869.876
60% CH, -8 563.84939 70% CH, -8 721.11095 80% CH, -8 953.283
-6 | 618.78308 -6 | 790.01685 -6 1041.53
26.7% CO, -4 677.03723 | 26.7% CO, -4 862.93242 | 13.3% CO, -4 1134,
-2 738.60495 -2 939.83094 -2 1232.39
13.3% H.S C 803.4562 | 13.3% H.S 0 1020.6545 6.7% H.S 0 1334.80
2 998.10698 2 1268.5344 2 1659.14
4 1232.6452 4 1566.3535 4 2046.56
6 1520.3413 6 1932.5768 6 252377
8 1874.3934 8 2384.8485 8 3114.7
10 2312.3199 10 2946.9653 10 3852.18
Table B6:Hydrate temperature and pressure formation for CH,, CO,,
H:S (WGR 3)
Composition | T(°C) | P(kPa) Composition | T(°C) | P(kPa)
-10 1221.9362 -10 1901.5141
90% CH, -8 1332.3237 100% CH, -8 2049.6528
-6 1448.3864 -6 2203.5946
6.7% CO, -4 1569.9942 0% CO, -4 2363.0599
-2 1696.9694 -2 2527.7168
3.3% H,S 0 1829.0931 0% H,S 0 2697.1892
2 2270.1844 2 3323.646
4 2790.4617 4 4041.3997
6 3430.5309 6 4216.7678
8 4222.8903 8 5991.5142
10 5212.3286 10 7322.6481
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Table B7:Hydrate temperature and pressure formation for CH,, CO4, H.S (WGR 7)

Composition | T(°C) | P(kPa) | Composition | T(°C) P{kPa) Composition | T(°C) | P(kPa)
-10 | 526.53525 -10 | 676.57535 ' -10 | 898.0478
60% CH, -8 580.77773 70% CHy -8 744.97583 80% CH, -8 985.8613
-6 £638.68031 -6 817.81822 -6 1078.979
26.7% CO, -4 700.28315 | 26.7% CO, -4 895.12472 | 13.3% COQ» -4 1177.372
-2 765.60446 -2 976.88635 -2 1280.967
13.3% H.S 0 834.6338 | 13.3% H.S G 1063.06 6.7% H-.S 0 1389.649
2 1043.9613 2 1330.2414 2 1737.597
4 1298.9261 4 1654.2913 4 2155.913
6 1615.6991 6 2057.2193 3] 2675.162
8 2011.0702 8 2560.7128 8 3323.057
10 2507.7053 10 3194.2034 10 4137.389
Table B8;Hydrate temperature and pressure formation for CH,, CO,,
H:S (WGR 7)
Composition | T(°C) P(kPa) Composition | T(°C) P{kPa)
-10 1254.3867 -10 1901.5141
90% CH, -8 1369.0687 100% CH, -8 2049.6528
-6 1489.7383 -6 2203.5946
6.7% CO; -4 1616.2528 0% CO, -4 2363.0599
-2 1748.4165 -2 2527.7168
3.3% H,S 0 1885.9883 0% H.S 0 2697.1892
2 23490.3889 2 3323.646
4 2897.0161 4 4041.3997
G 3572.6432 6 4916.7678
8 4410.8661 8 5991.5142
10 5459.0423 10 7322.6481
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Table BY:Hydrate temperature and pressure formation for CH,, CO,, C;Hg, H.S (WGR 5.75)

Composition | T(°C) | P(kPa} | Composition | T(°C) P(kPa) Composition | T(°C) | P(kPa)
-10 | 474.12615 -10 | 574.80481 -10 | 723.2558
60% CH, -8 526.45577 70% CH;, -8 636.87484 80% CH, -8 799.5295
-6 582.49808 -6 703.22724 -6 880.9393
7.3% CO, -4 642.27348 | 5.5% CO, -4 773.88158 | 3.6% CO» -4 967.5103
-2 705.77148 -2 848.82369 -2 1059.231
29.1% C;Hg 0 772.94708 | 21.8% CsoHg 0 928.00279 | 14.6% CsH, o 1156.048
2 983.66521 2 1178.1196 2 1464.693
3.6% H,S 4 1242225 | 2.7% H,S 4 1483.6188 1.8% H,:3 4 1839.968
6 1565.0548 G 1864.7987 6 2308.884
8 1962.6714 8 2342.7053 8 2898.694
10 2480.0803 10 2946.6064 10 3648.28

Table B10:Hydrate temperature and pressure formation for CH,, CO,,
H.S (WGR 5.75)

Composition | T(°C) P(kPa) Composition | T(°C) P(kPa)
-10 | 992.25285 -10 | 1901.514M
90% CH, -8 1094.1069 | 100% CH, -8 2049.6528
-6 1202.6762 -6 2203.5946
1.8% CO., -4 1318.0058 0% CO; -4 2363.0599
-2 1440.0951 -2 2527.7168
7.3% CyHg 0 1568.8935 | 0% C.Hg 0 2697.1892
2 1986.4662 2 3323.646
0.9% H.S 4 2491.787 0% H:S 4 4041.3997
6 3127.0672 6 4916.7678
8 3933.912 8 5991.5142
10 4974.3377 10 7322.6481
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Table B11:Hydrate temperature and pressure formation for CH,4, CO», CaHg, Ho8 (WGR 1)

Composition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa)
-10 | 468.59693 -10 | 568.58552 -10 | 716.7474
60% CH,4 -8 519.95821 70% CH, -8 629.63482 80% CH, -8 792.0222
-6 574.91913 -6 694.85779 -6 872.3352
7.3% CO, -4 633.49734 5.5% CO, -4 764.27286 3.6% CO, -4 957.7121
-2 695.68146 -2 837.86636 -2 1048.142
29.1% CaoHg 0 761.42929 | 21.8% CoHg 0 215.58957 | 14.6% CaHg 0 1143.575
2 966.23542 2 1159.6393 2 1446.421
3.6% H,S 4 1216.5085 2.7% H,S 4 1456.8285 1.8% H.S 4 1813.971
6 1527.523 6 1826.363 6 2272.247
8 1915.3887 8 2288.0317 8 2847.461
10 2402.1208 10 16 3577.033

2869.3316

Table B12:Hydrate temperature and pressure formation for CH,4, CO»,

H.S (WGR 1)

Composition | T(°C) P(kPa) Composition | T(°C) P(kPa)
-10 | 985.98134 -10 | 1901.5141
90% CH, -8 1086.9475 { 100% CH, -8 2049.6528
-6 1194.5506 -6 2203.5946
1.8% CQO; -4 1308.8348 0% CO, -4 2363.0599
-2 1429.8015 -2 2527.7168
7.3% CoHg 0 1657.4013 | 0% CsHg 0 2697.1892
2 1969.9693 2 3323.646
0.9% HsS 4 2468.8747 0% H.S 4 4041.3997
6 3095.5069 6 4916.7678
8 3890.7349 8 5991.5142
10 4915.578 10 7322.6481
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Table B13:Hydrate temperature and pressure formation for CHs, CQOy, CyHg, H;S (WGR 3)

Composition | T(°C) P(kPa) | Composition | T(°C) P(kPa} | Composition | T(°C) | P(kPa)
-10 | 470.87651 -10 | 571.22253 -10 | 719.468

60% CH, -8 522.63084 70% CH, -8 632.71183 80% CH, -8 795177
-6 578.05082 -6 G08.42321 -6 875.968

7.3% CO; -4 637.12859 | 5.5% CO, -4 768.37608 3.6% CO, -4 961.868
-2 699.86248 -2 842.5567 -2 1052.86

29.1% CoHg 0 766.20923 | 21.8% C,Hq G 920.9166 | 14.6% C,H4 0 1148.91
2 973.4984 2 1167.6252 2 1454 .31

3.6% H.S 4 1227.2762 2.7% H,S 4 1468.4883 1.8% H,S 4 1825.32
6 1543.3263 6 1843.2275 6 2288.42

8 1938.4034 8 2312.2385 8 2870.34

10 2435.4384 10 2903.8875 10 3609.25

Table B14:Hydrate temperature and pressure formation for CH;, COs,,

H.5 (WGR 3)
Composition | T(°C) P(kPa) Composition | T(°C) P(kPa)
-10 988.86371 -i0 1901.5141
90% CH, -8 1090.2362 100% CH, -8 2049.6528
-6 1198.28 -6 2203.5946
1.8% CO, -4 1313.0444 0% CO», -4 2363.0599
-2 1434.5279 -2 2527.7168
7.3% CsHg 0 1562.681 0% CaHg 0 2697.1892
2 1977.5768 2 3323.646
0.9% H-S 4 2479.4982 0% H.S 4 4041.3997
6 3110.242 6 4916.7678
8 3911.0682 8 5991.5142
10 4943,5205 10 7322.6481
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Table B15:Hydrate temperature and pressure formation for CHy, CQOy, CoHg, HoS (WGR 7)

Compesition | T(°C) | P(kPa) | Composition | T(°C) | P(kPa) | Compasition T(°C) | P(kPa’
-10 | 475.47078 -10 | 576.36224 -10 | 725.024

60% CH, -8 528.04184 70% CH, -8 638.68352 80% CH, -8 801.54¢
-6 584.35254 -6 705.31165 -6 883.23(

7.3% CO, -4 644.42496 55% CO, -4 776.26646 3.6% CQO, -4 970.094
-2 708.24738 -2 851.53336 -2 1062.12

29.1% CyHq 0 775.77496 | 21.8% C,Hg 0 931.06041 | 14.8% C,Hg o 1159.27
2 987.94017 2 1182.6209 2 1469.30

3.6% H.S 4 1248.5038 | 2.7% H.S 4 1490.0567 1.8% H».S 4 1846.37
6 1574.1459 6 1873.8894 6 2317.68

8 1982.6712 8 2355.3997 8 2910.68

10 2498.4777 10 2964.1713 10 3664.49

Table B16:Hydrate temperature and pressure formation for GHy, CGQ,,

H,S (WGR 7)
Composition | T(°C) P(kPa) Composition | T(°C) P(kPa)

-10 093.56641 -10 1901.5141

90% CH, -8 1095.6158 100% CH, -8 2049.6528

-6 1204.3968 -6 2203.5946

1.8% COs -4 1319.9542 0% CO. -4 2363.0599

-2 1442.2872 -2 2527.7168

7.3% CoHj 0 1571.3443 0% C:Hg 0 2697.1892

2 1989.9654 2 3323.646

0.9% H.S 4 2496.5992 0% H,S 4 4041.3997

5] 3133.6014 6 4916.7678

8 3942.6954 8 5991.5142

10 4986.0428 10 7322.6481
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APPENDIX C
K-METHOD RESULTS

Table C1: Pressure for hydrate formation at 2°C for CHy, CO, and H,S (WGR 5.75)

Pressure | Vapor Solid CH, CO; H.,S CH,4 CcO; H,S
(kPa) Fraction | Fraction | vapor vapor vapor solid sotid solid
Y X v/ % v/% v/ % X/ % x/% x/%
1730.58 0.99 0.01 90.6% 5.5% 3.9% 50.4% 5.9% 43.7%
2282.16 0.89 0.11 93.3% 5.2% 1.5% 65.6% 7.7% 26.7%
2585.53 0.79 0.21 94.4% 4.8% 0.8% 74.5% 7.9% 17.6%
274411 0.69 0.31 95.1% 4,5% 0.4% 79.5% 7.7% 12.8%
2840.64 0.59 0.41 95.5% 4.1% 0.4% 82.6% 7.4% 10.0%
2902.69 0.49 0.51 95.9% 3.9% 0.2% 84.8% 7.0% 3.2%
2950.96 0.329 0.61 96.2% 3.6% 0.2% 86.5% 6.6% 6.9%
2985.43 0.29 0.71 96.4% 3.4% 0.2% 87.7% 6.3% 6.0%
3013.01 0.19 0.81 96.6% 3.2% 0.2% 88.7% 6.0% 5.3%
3033.69 0.09 0.91 96.4% | 3.4% 0.2% 89.6% 5.7% 4.7%

Table C2: Pressure for hydrate formation at 6°C for CH,, CO, and H,S (WGR 5.75)

Temperature : 6°C

Pressure Vapor Solid CH, CO; H,S CH, CO; H,S
{kPa) Fraction Fraction vapor | vapor | vapor solid solid solid
y X y/% y/% | y/% x/% x/% x/%
2585.53 0.99 0.01 90.6% 5.4% 4.0% 56.6% | 5.6% | 37.8%
3268.11 0.89 0.11 92.9% 5.3% 1.8% 68.9% | 7.0% | 24.1%
3668.01 0.79 0.21 94.0% 4.9% 1.1% 76.1% | 7.4% | 16.5%
3902.43 0.69 0.31 94.6% 4.6% 0.8% 80.5% | 7.3% | 12.2%
4047.22 0.59 0.41 95.1% 4.3% 0.6% 83.2% | 7.1% 9.7%
4143.75 0.49 0.51 95.5% 4.1% 0.4% 85.2% | 6.8% 8.0%
4219.59 0.39 0.61 95.8% 3.8% 0.4% 86.7% | 6.5% 6.8%
4274.75 0.29 0.71 96.1% 3.6% 0.3% 87.8% | 6.2% 6.0%
4323.01 0.19 0.81 96.3% | 3.4% | 0.3% | 88.8% | 5.9% | 5.3%
4257.49 0.09 0.91 96.5% 3.3% 0.2% 89.6% | 5.7% 4.7%
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Table C3: Pressure for hydrate formation at 10°C for CHy, CO; and H,S (WGR 5.75)

Temperature : 10°C

Pressure Vapor Solid CH, CO; H-»S CHy CO; H>S
(kPa) Fraction Fraction vapor | vapor | vapor solid solid solid
y X v/% y/% v/% x/% x/% X/%
3895.54 0.99 0.01 90.5% 5.5% 4.0% 64.1% | 4.8% | 31.1%
4681.54 0.89 0.11 92.3% 5.4% 2.3% 73.2% | 5.9% | 20.9%
5171.07 0.79 0.21 93.3% 5.2% 1.5% 78.6% | 6.4% | 15.0%
5467.54 0.69 0.31 94.5% 4.7% 0.8% 84.1% | 6.5% 9.4%
5674.39 0.59 0.41 94.5% 4.7% 0.8% 84.1% | 6.5% 9.4%
5826.07 0.49 0.51 94.8% 4.5% 0.7% 85.8% | 6.4% 7.8%
5929.49 0.39 0.61 95.2% 4.3% 0.5% 87.1% | 6.2% 6.7%
5998.44 0.29 0.71 95.6% 4.1% 0.3% 88.0% | 6.0% 6.0%
6094.97 0.19 0.81 95.7% 3.9% 0.4% 89.0% | 5.8% 5.2%
6150.12 0.09 0.91 95.9% 3.7% 0.4% 89.7% | 5.6% 4.7%

Table C4: Pressure for hydrate formation at 2°C for CHs, CO», C;Hg and H,S (WGR

5.75)
Temperature : 2°C

Pressure | Vapor Solid CH, CO, | C2H6 | H,S CH, C0, | CiHg H,S
(kPa) Fraction | Fraction | vapor | vapor | vapor | vapor | solid | solid | solid | solid
¥ o X v/% v/% v/ % v/% X% | /% | /% | x/%
1585.79 0.99 0.01 89.4% | 1.5% | 8.3% | 0.8% | 46.6% | 1.5% | 42.7% | 9.2%
1854.69 0.89 011 |932% | 1.4% | 5.0% | 0.4% 54.8% | 1.7% | 38.0% | 5.5%
2151.16 0.79 0.21 95.7% | 1.4% | 2.7% | 0.2% | 66.2% | 2.0% | 31.6% | 0.2%
2392.48 0.69 0.31 97.0% | 1.3% | 1.5% | 0.2% | 71.1% | 1.9% | 24.0% | 3.0%
2564.85 0.59 0.41 97.7% | 1.1% | 1.1% | 0.1% | 76.5% | 1.9% | 19.3% | 2.3%
2682.06 0.49 0.51 98.1% | 1.0% | 0.8% | 0.1% | 80.2% | 1.9% | 16.1% | 1.8%
2771.69 0.39 0.61 98.3% | 1.0% | 0.6% | 0.1% | 83.0% | 1.8% | 13.7% | 1.5%
2833.75 0.29 0.71 98.5% | 1.0% | 0.5% | 0.0% | 85.1% | 1.7% | 11.9% | 1.3%
2882.01 0.19 0.81 98.7% | 0.9% | 0.4% | 0.0% | 86.7% | 1.6% | 10.5% | 1.2%
2923.38 0.09 0.91 98.8% | 0.9% | 0.3% | 0.0% | 88.0% | 1.6% | 9.4% | 1.0%
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Table C5: Pressure for hydrate formation at 6°C for CHy, CO,, C:Hg and H,S (WGR
5.75)

Temperature : 6°C

Pressure | Vapor Solid CH,4 CO, | C2H6 H:S CH, CO, CoHg H,S

(kPa) Fraction | Fraction | vapor | vapor | vapor | vapor | solid | solid | solid | solid
y X Vi% | y/% | v/% | v/% | x/% | X% | x/% | y/%

2489.01 0.99 0.01 ]89.3% | 1.5% | 8.3% | 0.9% | 54.4% | 1.5% | 35.8% | 8.3%
2833.75 0.89 011 | 92.4% | 1.5% | 5.7% | 0.4% | 61.7% | 1.7% | 31.5% | 5.1%
3164.69 0.79 0.21 194.4% | 1.4% | 3.9% | 0.3% | 68.4% | 1.8% | 26.2% | 3.6%
3440.48 0.69 0.31 95.8% | 13% | 2.7% | 0.2% | 73.9% | 1.9% | 21.6% | 2.6%

'3654.22 0.59 0.41 96.6% | 1.2% | 2.1% | 0.1% | 78.1% | 1.8% | 18.0% | 2.1%

3819.7 0.49 0.51 97.1% | 12% | 1.6% | 0.1% | 81.2% | 1.8% | 15.3% | 1.7%

3930.01 0.39 0.61 97.6% | 1.1% | 1.3% | 0.0% | 83.5% | 1.7% | 13.2% | 1.6%

4026.54 0.29 0.71 97.9% | 1.0% | 1.1% | 0.0% | 85.4% | 1.7% | 11.6% | 1.3%

4109.28 0.19 0.81 98.2% | 0.9% | 0.9% | 0.0% | 86.9% | 1.6% | 10.4% | 1.1%

4164.43 0.09 0.91 98.4% | 0.9% | 0.7% | 0.0% | 88.1% | 1.6% | 9.4% | 0.9%

Table C6: Pressure for hydrate formation at 10°C for CHa, CO,, CoHg and H>S (WGR
5.75)

Temperature : 10°C

Pressure  Vapor Solid CH, CcO, C2H6 H.S CH, cO, CoHg H,S
{kPa) Fraction Fraction vapor vapor vapor vapor solid solid solid solid

y X VI% V%  y/%  yi%  x/% X% /% y/%
3964.49  0.99 001 893% 15% 84% 0.8% 63.9% 1.3% 27.5% 7.3%
4350.59  0.89 011 914% 15% - 6.6% 0.5% 69.3% 1.5% 24.6% 4.6%
4757.58  0.79 021 93.0% 14% 52% 04% 73.8% 16% 21.4% 3.2%
4957.33  0.69 031  942% 14% 42% 02% 77.3% 17% 18.4% 2.6%
5184.86  0.59 041 95.1% 13% 3.4% 02% 802% 1.7% 16.0% 2.1%

5377.91 0.49 0.51 95.7% 13% 2.8% 0.2% 825% 1.7% 14.0% 1.8%

5522.7 0.39 0.61 96.3% 12% 2.4% 0.1% 84.4% 1.6% 12.4% 1.6%

5653.7 0.29 0.71 96.6% 1.2% 2.1% 0.1% 859% 1.6% 11.2% 1.3%

5757.12 0.19 0.81 97.0% 1.0% 1.9% 0.1% 87.1% 16% 10.2% 1.1%

5860.84 0.05 0.91 97.2% 1.0% 1.8% 0.0% 882% 1.5% 9.3% 1.0%
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APPENDIX D
KEY MILESTONE
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