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ABSTRACT

HYDRATE FORMATION CONDITIONS OF
METHANE HYDROGEN SULFIDE MIXTURES

Biilbiil, Sevtac
M.Sc., Department of Petroleum and Natural Gas Engineering
Supervisor: Prof. Dr. Tanju Mehmetoglu

Co- Supervisor: Prof. Dr. Mahmut Parlaktuna

February 2007, 87 pages

The objective of this study is to determine hydrate formation conditions of methane-
hydrogen sulfide mixtures. During the study, an experimental work is carried out by
using a system that contains a high-pressure hydrate formation cell and pressure-
temperature data is recorded in each experiment. Different H,S concentrations and
both brine and distilled water are used in the experiments and the Black Sea
conditions, which are suitable for methane-hydrogen sulfide hydrate formation are

examined.

Considering the pressure-temperature data obtained, hydrate equilibrium conditions
are determined as well as the number of moles of free gas in the hydrate formation
cell. The change in the number of moles of free gas in the hydrate formation cell
with respect to time is considered as a way of determining rate of hydrate
formation. Effects of H,S concentration and salinity on hydrate formation

conditions of methane-hydrogen sulfide mixtures are also studied. It is observed

v



that an increase in the salinity shifts the methane-hydrogen sulfide hydrate
equilibrium condition to lower equilibrium temperatures at a given pressure. On the
other hand, with an increase in H,S concentration the methane hydrogen sulfide
hydrate formation conditions reach higher equilibrium temperature values at a given
pressure. After the study, it can be also concluded that the Black Sea has suitable
conditions for hydrate formation of methane hydrogen sulfide mixtures, considering

the results of the experiments.

Keyword: Hydrate, Methane-Hydrogen Sulfide Mixtures, Hydrate Formation
Conditions, Black Sea
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METAN HIDROJEN SULFUR KARISIMLARININ
HIDRAT OLUSUM KOSULLARI

Biilbiil, Sevtac
Yiiksek Lisans, Petrol ve Dogal Gaz Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Tanju Mehmetoglu
Ortak Tez Yoneticisi: Prof. Dr. Mahmut Parlaktuna

Subat 2007, 87 sayfa

Bu calismanin amaci, metan-hidrojen siilfiir karisimlarinin hidrat olusum kosullarini
belirlemektir. Yapilan ¢aligma sirasinda, i¢cinde yiiksek basingli bir hidrat olusum
hiicresi bulunan bir sistem kullanilarak deneysel ¢aligmalar siirdiiriilmiis ve basing-
sicaklik degerleri kaydedilmistir. Deneylerde farkli H,S konsantrasyonlar1 ve aym
zamanda, tuzlu su ve saf su kullanilmis ve Karadeniz’in metan-hidrojen siilfiir

hidrat1 olusumuna uygun kosullar incelenmistir.

Elde edilen basing-sicaklik verileri degerlendirilerek, hidrat olusum hiicresi i¢inde
yer alan serbest gazin mol sayisi ile birlikte hidrat denge kosullar1 da belirlenmistir.
Hidrat olusum hiicresi icinde yer alan serbest gazin mol sayisinin zamana bagh
olarak degisiminin incelenmesi, hidrat olusum hizinin belirlenmesinin bir yolu
olarak kullanilmistir. Aynm1 zamanda, H,S konsantrayonunun ve tuzlulugun metan-
hidrojen sulfur hidratlarinin olusum kosullar1 iizerindeki etkisi calisilmistir.

Tuzlulukta meydana gelen artisin metan-hidrojen siilfiir hidrat denge kosulunu

vi



belirli bir basincta daha diisiik denge sicakliklarina kaydirdigi gézlenmistir. Ayrica,
H,S konsantrasyonundaki artig ile birlikte metan-hidrojen siilfiir hidratlarinin
olusum kosullarinin belirli bir basingta daha yiiksek denge sicakliklarina ulastig
belirlenmistir.  Bu  calisma  sonunda, yapilan deneylerin  sonuglan
degerlendirildiginde Karadeniz’in metan hidrojen siilfiir karistm hidratlarinin

olusumu i¢in uygun kosullara sahip oldugu sonucuna varilabilmektedir.

Keyword: Hidrat, Metan- Hidrojen Siilfiir Karisimlari, Hidrat Olusum Kosullari,

Karadeniz
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CHAPTER 1

INTRODUCTION

Gas hydrates are solid, crystalline compounds, which are composed of water and
gas molecules. Hydrogen-bonded water molecules enclose gas molecules, forming a
cage-like structure. The formation of gas hydrates are favored at the conditions of

high pressure and low temperature.

The interest on gas hydrates has started with scientific researches, since there was
not any industrial concern about gas hydrates previously. In 1810, Sir Humphrey
Davy discovered gas hydrates, cooling chlorine gas and its aqueous solutions
during his experimental studies. In 1934, Hammerschmidt recognized gas hydrates
as the reason of the plugging problems in gas pipelines and gas hydrates were
started to be considered as undesirable substances, which occur during oil and gas
production and transportation activities. Finally, it was discovered that gas hydrates

also exist in nature, in both deep oceans and permafrost regions [1, 2].

The study of gas hydrates has a very wide application, since gas hydrates can be
considered as both useful and hazardous with different ways of consideration. It has
been experienced many times that gas hydrates cause problems during oil and gas
production and transportation operations by plugging transmission lines, causing
pipeline blowouts and tubing, casing collapses, damaging equipment such as
blowout preventers, heat exchangers, expanders and valves and complicating the
construction of wells, off-shore platforms, and pipelines [3, 4]. Another concern
about the gas hydrates is the possible effect of gas hydrates on global warming.
Methane is the main component of most of the gas hydrates in nature and it is
predicted that with methane hydrate dissociation and methane emission to the
atmosphere, gas hydrates may play a significant role in global climate change in the

future [4, 5].



Besides the disadvantages, some positive aspects of gas hydrates also exist. Gas
hydrates are simply natural hydrocarbon resources and they may be considered as a
future energy source. Gas hydrates have a huge potential of gas storage, namely, 1
ft’ of hydrate may contain as much as 180 scf gas [3]. There exist many locations of
gas hydrate occurences throughout the world, specifically, ocenic and permafrost
regions, containing between a global amount of 10" m? and 10" m® methane in gas
hydrates [6]. It is even predicted that the energy stored in gas hydrates equals nearly
twice of all the world’s other hydrocarbon sources [3]. Although there are
uncertainities of gas hydrate evaluations and economical gas production strategies
from gas hydrates, gas hydrates are still promising to be a new energy source [3]
and even a way of natural gas storage and transportation, if the economical and

technical conditions may be developed in the future for this purpose [7, 8].

In brief, gas hydrates are significant structures for both production and usage of oil
and natural gas and for the future energy profile of the world. Consequently, further
determinations and studies are required, in order to understand the properties of gas

hydrates and to develop new technologies.

In this study, the main objective is to determine the hydrate formation conditions of
methane- hydrogen sulfide mixtures. For this purpose, an experimental study has
been carried out. During the experimental study, different hydrogen sulfide
concentrations were considered and both distilled water and brine were used.
Formation temperature and pressure values were obtained for the mixtures of

methane and hydrogen sulfide.



CHAPTER 2

GAS HYDRATES

2.1. History of Gas Hydrates

It is widely accepted that gas hydrates were firstly obtained by Sir Humphrey Davy
in 1810, although there were some observations of SO,-hydrate by scientists;
Pristley (1778), Bergman (1783), Fourcroy and Vauquelin (1796, 1798), Fourcroy
(1801) before Davy [2]. After Davy’s observation of chlorine hydrates, many

scientists continued gas hydrate studies.

In 1823, Faraday determined the composition formula of chlorine hydrates. La Rive
(1829), Pierre (1848), Schoenfeld (1855), Roozeboom (1884, 1885) and Schroeder
(1927) carried out studies on SO, hydrates. In 1828, Lowig observed bromine
hydrates and in 1876, Alexeyeff obtained the composition formula of Br, hydrates.
Berthelot (1956), Millon (1960), Duclaux (1967) and Tanret (1978) determined the
composition formula of the CS; hydrate. Chancel and Partemier (1885) observed
chloroform hydrates, while Wroblewski (1882) studied about CO, hydrates. In
1877, Cailletet and Bordet made measurements on mixed gas hydrates. De Forcrand
(1882-1925) studied H,S hydrates and used Clasius- Claypeyron Equation to
determine the composition of different hydrates, which was refined by Scheffer and
Meyer in 1919. He also studied mixed hydrates of halohydrocarbons with Thomas
and also obtained krypton and xenon hydrates. Villard (1888- 1896) continued
studies on H,S, CHy4, C,Hg, C,Ha, C,H,, C3Hg, N,O and Ar hydrates [1, 2].

In 1934, gas hydrates were initially recognized as the reason of the plugging
problems in gas pipelines by Hammerschmidt. Hammerschmidt (1939), Deaton and
Frost (1946), Bond and Russell (1949), Kobayashi et al. (1951) and Woolfolk
(1952) studied the effects of inhibitors on gas hydrate formation. In 1945, Katz



developed a plot that can be used for estimating hydrate formation pressure values
by using a given temperature and gas gravity. Deaton and Frost (1946) observed gas
hydrates from pure components of methane, ethane and propane and also from their
mixtures in natural gas. In 1941, Wilcox, Carson and Katz introduced the first
analytic method for determining temperature and pressure values of hydrate
formation from mixtures. Katz and co-workers (1959), Johari and Robinson (1965),

Robinson and Ng (1976) and Poettman (1984) refined this study [1, 2].

In 1949-1958, von Stackelberg and co-workers used X-ray examinations and
verified the theoretical information stated by Nikitin (1936- 1940), which explains
the molecular cage-like structure of gas hydrates. von Stackelberg and Miiller
(1949, 1951, 1952), Claussen (1951), and Pauling and Marsh (1952) investigated
that there exist two hydrate cyrstal structures and Dr. D. W. Davidson, S. A.
Ripsmeester, J. S. Tse, V. P. Handa continued the studies on hydrate structures.
Jeffrey and co-workers (1965, 1967, 1984) studied on each hydrate structure and

determined gas hydrates to be in the class of clathrates [1,2].

In 1957, Barrer and Stuart developed a statistical thermodynamic approach to
determine properties of gas hydrates and in 1959, van der Waals and Platteeuw
proposed another method for predicting gas hydrate properties, which was refined
by Child (1964), McCoy and Sinanoglu (1963), Marshall et al. (1964), Nagata and
Kobayashi (1966), Parrish and Prausnitz (1972), Holder et al. (1988), Erbar et al.
(1985), Anderson and Prausnitz (1986), Robinson et al. Sloan et al. (1987) [1, 2].

Gas hydrate kinetics were studied by Makogon and co-workers (1974, 1985) and
gas hydrates were firstly considered as a promising natural energy source and initial
proof of natural gas hydrates were extracted at the Ust-Viliuisk and Sredne-Viliuisk
fields in Yakutiya and Messoyakha field in Western Siberia as stated by Makogon
in 1972 [2]. Lubas (1978) and Bernard et al. (1979) recognized the hydrate
formation in gas wells, while Bishnoi and co-workers investigated hydrate growth

kinetics. Holder and co-workers and Sloan and co-workers also studied hydrate



kinetics [1]. In 1946, Strizhev stated the possibility of gas hydrate existence in
natural geological conditions and Mokhnatkin (1947), Palvelev (1949) and Cherskiy
continued these studies. In 1965, 1966, Y. F. Makogon indicated the possibility of
gas hydrate formation in porous layers [1, 2]. In 1974, Miller stated that there exist
CO; hydrates on Mars and in 1983, Pang et al. stated that the E-rings of Saturn were
hydrates [1]. Delsemme and Miller (1970), Mendis (1974) and Makogon (1987)
mentioned that there exist hydrates in comets and mentioned about the unusual

locations of gas hydrate occurrence [1].

2.2. Structure of Gas Hydrates

Gas hydrates are solid inclusion compounds of water and gas molecules, which are
the members of the class of compounds called “clathrates”. The word “clathrate”
originates from the Latin word ‘“clathratus”, which means “to encage” [1].
Hydrogen bonded water molecules, usually referred as “hosts” encage “guest” gas
molecules and gas hydrates are formed at suitable temperature and pressure values.

High pressure and low temperature values favor hydrate formation.

There exist five cavity structures (or polyhedra) that form the hydrate structure as
indicated in Figure 2.1 [4]. 52 indicates the cavity structure of pentagonal
dodecahedra, which contains 12 faces of pentagonally bonded water molecules,
while 5'%6” indicates tetrakaidecahedron, containing 12 pentagonal and 2 hexagonal
faces [1, 4]. Another cavity structure is the hexakaidecahedron, containing 12
pentagonal and 4 hexagonal faces (5"%6" [1]. The cavity structures formed by water
molecules contain at most one guest molecule, which is held in the cage with van
der Walls bonds [1]. There is no chemical bonding between the guest and host

molecules of crystalline compounds of gas hydrates.
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Figure 2.1- Cage Structures that Form Gas Hydrates [4]

The cavity structures are combined together to form 3 different hydrate structures,
namely Sructure I, Structure II and Structure H hydrates. Structure I hydrates
contain small guest molecules (0.4-0.55 nm) and composed of two 5'% and six 5'%6°
cavity structures with 46 water molecules [4]. 5'2 cavity structures are attached to
other 5'2 blocks through the vertices in Structure I [4]. Structure I hydrates generally
include small natural gas containing molecules smaller than propane, remaining in
situ in deep oceans [9]. Methane, ethane and CO, are some of the formers of

Structure I hydrates [4].

Structure II hydrates contain larger guest molecules of a range between 0.6-0.7 nm
and are composed of sixteen 5'% and eight 5'%" cavity structures with 136 water
molecules [4]. 5" cavity structures are attached to other 5'2 blocks through the
faces in Structure II [4]. Structure II is a crystalline lattice within a cubic framework
and generally formed from molecules larger than ethane, smaller than pentane [9].

Propane and isobutane are some of the formers of Structure II hydrates [4].

Until the discovery of Structure H hydrates by Ripmeester et al. in 1987, n-butane
was considered to be the largest natural gas molecule forming hydrates [10, 11].
Ripmeester et al. reported the existence of a new type of hydrate structure, which
may contain both large and small guest molecules [10]. Structure H hydrates are

formed from the mixtures of both small and large guest molecules of 0.8-0.9 nm



[4]. They are composed of three 52, two 4°5°6 and one 5'%6° cavity structures with
34 water molecules [4]. The three 5'2 and two 4°5°® have similar sizes, while the
5'%6* cavity structure have a larger size applicable to hold large guest molecules
[12]. For the stability, Structure H hydrates necessarily contain both small and large
guest molecules [12]. The small cages of the structure are occupied by small guest
molecules, referred as help gases (i.e. methane, H,S, xenon) that increase the
stability of the structure [12]. In Structure H hydrates, the connections of the cavity
structures are obtained by a layer of linked 5'% cavities [9]. Methane + neohexane
and methane + cycloheptane molecules are examples of guest molecules that can
form Structure H hydrates [4]. The three different hydrate structures and their cavity

structures are indicated in Figure 2.2 [4].

Cavity types Hydrate structure ‘Guest molecules’

46 HaO Methane, ethane,
IE‘ 4 carbon dioxide
4 y ———» and so on
NI
512g2 Structure |

136 HaO Propane,
¥ izo-butane

and sz on

Methane + nechexane,
methane + cycloheptane,
and so on

Structure

Figure 2.2- Different Hydrate Structures and Their Cavity Structures [4]



If all the cavities of each hydrate structures, Structure I, Structure II and Structure H
are completely occupied with guest molecules, all of these hydrate structures have
85 mol % water and 15 mol % guest molecules [9]. The occupancy of the cavities
of hydrate structures are dependent on the size ratio of the guest molecule to the
cavities they enter [4]. Table 2.1 indicates the values of average cavity radius (A")
of hydrate structures [9]. Guest molecule sizes and their resultant hydrate structures
are indicated in Figure 2.3, which is modified by Sloan Jr.[1] from the figure that
was firstly developed by von Stackelberg [13]. The values on the line in Figure 2.3
demonstrates the sizes of the guest molecules. The number of water molecules

occupied by the guest molecules are also indicated.

Some guest molecules can only occupy the large cavities of the structures, while the
others can occupy both small and large cavities. For example, methane molecule is
small enough to enter both the cavities of 5'%+ 5'26% in Structure I or 5%+ 5'2 6" in
Structure II as a single guest molecule, as indicated in Figure 2.3 [9]. On the other
hand, propane molecule is so large that it can only stabilize the largest cavity of

Structure II, namely the cavity 526" [4].

Table 2.1- The Values of Average Cavity Radius (A°) of Hydrate Structures [9]

I II H
(from geometric models)
cavity Small | Large | Small | Large | Small | Medium | Large
description 5 5% | 57 | 5% | 5 | 45%° | 5'%6°

average C'j“’ity 3.95 4.33 3.91 4.73 3.91 4.06 5.71
radius (A )
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Figure 2.3- Guest Molecule Sizes And Their Hydrate Structures
(modified by Sloan, Jr. [1] from the figure developed by von Stackelberg [13])

2.3. Formation Conditions of Gas Hydrates

The formation of gas hydrates are directly dependent on the conditions of
temperature and pressure, as well as the existence of water and at least one hydrate
former. Phase diagrams of different natural gases that form hydrates are illustrated
in Figure 2.4, which was modified by Sloan Jr. [1] from the plot developed by Katz
[14]. In Figure 2.4, H is used for indicating hydrates, V for vapor, L, for the

aqueous liquid phase and Lyc for the hydrocarbon liquid phase. There are two



quadruple points, namely Q; ( I- Ly~ H- V), the lower hydrate quadruple point and
Q2 ( Ly- H- V- Lyc), the upper quadruple point [1]. Q; shows the end of hydrate
formation from vapor and liquid water and the beginning of hydrate formation from
vapor and ice with decreasing temperature. On the other hand, Q; indicates the
approximate intersection point of the line Ly~ H- V with the vapor pressure of the

hydrate former, presenting the upper temperature limit for hydrate formation [1].

80 —

Pressure, MPa

268 273 278 283 288 293 298 303

Temperature, K

Figure 2.4- Phase Diagrams of Different Natural Gases that Form Hydrates
(modified by Sloan Jr. [1] from the plot developed by Katz [14])
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If there exist more than one component that form gas hydrates, the phase diagram
slightly differs. Phase diagram of a multicomponent hydrocarbon mixture that form
hydrates is presented in Figure 2.5, which is reproduced by Sloan Jr. [1] from the
diagram of Robinson et al. [15]. The phase envelope of the gas mixture is
represented by the curve ECFKL and it is superimposed on the hydrate formation

line [1]. The upper quadratic point Q; in the single component system changes into

the line KC in the multicomponent system in Figure 2.5 [1].

)
N
()

PRESSURE

TEMPERATURE

Figure 2.5- Phase Diagram of A Multicomponent Hydrocarbon Mixture that Form
Hydrates (reproduced by Sloan Jr. [1] from the diagram of Robinson et al. [15])
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CHAPTER 3

HYDRATES AS A POTENTIAL ENERGY SOURCE

Hydrates are considered to be one of the most promising energy sources that would
meet the world’s increasing energy demand in the future, with their huge potential

of methane storage and worldwide geographical distribution [1, 2, 16, 17, 18, 19].

One of the main reasons of the prediction that gas hydrates are a potential energy
source is that they have an extensive geographical distribution all over the world.
Hydrates exist in many locations of the world; strictly, permafrost and ocenic
regions, as a result of temperature and pressure requirements for hydrate formation.
Sufficient amount of hydrate former gas molecules and water are required for
hydrate formation as well as temperature and pressure values within the hydrate
phase equilibrium region [2]. In continental polar regions, the upper depth limit is
about 150 m below the surface, where the surface temperature value is below 0 °C
for methane hydrates. On the other hand, in oceanic sediments, gas hydrate
occurrence is at the water depths exceeding about 300 m, where bottom water

temperature value approaches 0 °C [6].

Figure 3.1, indicates arbitrary examples of methane hydrate stability regions,
respectively, in permafrost and in ocean sediments, which is reproduced by Sloan
Jr. [1] from the figure of Kvenvolden [20]. The dashed lines indicate the thermal
gradients as a function of depth, while the solid lines are plotted from methane
hydrate phase equilibrium data by converting the pressure to depth assuming
hydrostatic conditions [1]. The intersections of solid and dashed lines indicate the
depths of the zone of hydrate formation. A hydrate formation zone (HFZ) can be
described as a permeable, usually sedimentary rock with pressure and temperature

conditions of a stable existence of hydrates [2]. The size of the hydrate formation
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zone depends on the gas composition and salt content of formation water [2]. Gas
hydrates, mostly the methane hydrates at the conditions of 1-2 to 50 MPa pressure

and at 264-300 °K temperature values are considered as significant hydrate

resources of interest [2].
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Figure 3.1- Methane Hydrate Stability Regions A) in Permafrost B) in Ocean
Sediment (reproduced by Sloan Jr. [1] from the figure of Kvenvolden [20])

The hydrate occurrences are predicted and determined by data obtained from well
drilling, well logging, seismic methods and core sampling in permafrost regions [1,
2]. Gas hydrate occurrences in oceans are interpreted by using seismic seafloor data.
A region of strong reflection of sound waves, which is referred as bottom-
simulating reflector (BSR), is determined [21]. BSR indicates the depth of hydrate

occurrence at the bottom of the sea and is considered as the base of hydrate stability

zone [6].
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Locations of known and inferred gas hydrates exist all over the world in polar and
oceanic outer continental margins, as indicated in Figure 3.2 [6]. The solid circles
show gas hydrates in oceanic sediments; while the solid squares indicate the gas
hydrates in permafrost regions. Gas hydrates in polar regions are encountered in
permafrost regions both onshore in continental sediments and offshore in sediment
of the polar continental shelves [6]. On the other hand, in oceanic outer continental
margins, gas hydrates are encountered in sediment with cold bottom water,

specifically, in the sediments of the continental slope and rise [6].

ARCTIC OCEAN

SOUTHERN
OCEAN

Figure 3.2- Locations of Known and Inferred Gas Hydrates in Oceanic Sediments

(solid circles) and in Permafrost Regions (solid squares) [6]
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From the time when gas hydrates were discovered on land in the Messoyakha field
in Western Siberia, in the western Prudhoe Bay oil field in Alaska and in the
Mackenzie Delta of Canada, nearly 20 oceanic hydrate occurrences have been
identified. Some of the gas hydrate locations can be listed as offshore from Panama,
Peru, Costa Rica, Guatemala, Japan, western and eastern United States, New
Zealand, Russia, Argentina, Brazil, Norway, Oregon, California Gulf of Mexico,

Black Sea, Caspian Sea, Sea of Okhotsk and Lake Baikal [2, 6].

Another reason why gas hydrates are considered to be a potential energy source is
their huge gas storage capacities. The methane storage capacity of hydrates is 170
volumes of methane at standard conditions for one volume of methane hydrate [1].
As a result of this huge potential and the existence of many locations of hydrate
occurrences through the world, it is expected that a large amount of fossil fuels of
the earth is stored in hydrates. The amount of energy stored in hydrates is predicted

to be twice of all the fossil fuels in the world [3].

Many studies were continued on the estimates of gas hydrates, suggesting the
existence of a large methane content of gas hydrates [6]. After the study of Cherskiy
and Makogon in 1970, the Potential Gas Committee proposed global gas hydrate
estimates in a range of 3.1 x10" to 7600 x10"> m’ at standard conditions for
oceanic sediments and in a range of 0.014x10" to 34x10" m’ for permafrost
regions in 1981 [6]. Between 1980 and 1990, better estimates were suggested and
Kvenvolden and McDonald proposed a consensus value for the estimates of global
gas hydrates, which is 21x10" m® of methane [6]. In 1994, Gortniz and Fung stated
estimates of a range between 26x10" m® and 139x10"° m® and in 1995, Harvey and
3

Huang calculated a value of 46x10" m

hydrates. Holbrook et al. (1996), Dickens et al. (1997), Makogon (1997) and

as the ebst estimate of oceanic gas

Ginsburg and Soloviev (1995) proposed estimates smaller than the consensus value
of 21x10" m’® [6]. It can be stated that the global estimate of gas hydrates is less

than x10” m® and greater than 10" m’ by considering of previous studies [6].
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CHAPTER 4

PROPERTIES OF THE BLACK SEA

The Black Sea is an inland sedimentary basin, located between the latitudes of 41 °
to 46 °N and longitudes of 28° to 41.5° E with an area of 423,000 km2, a volume of
534,000 km® and a maximum depth of 2200 m [22]. It has a connection to the Sea
of Azov by the Kerch Strait in the north, while it is connected to the Mediterranean

Sea with the Bosphorus Strait through the Sea of Marmara in the south.

The Black Sea was a fresh water basin until the rise in the world sea level nearly
9000 years ago. As a result of the rise of the sea level to the sill depth of
Bosphorous, an influx of the warm and saline waters was started from the
Mediterranean Sea to the Black Sea. The denser saline water sank and replaced the
bottom fresh water, spreading across the deep parts of the basin. This situation
resulted in a density stratification that limits the transfer of the dissolved oxygen to
the deep water and anoxic conditions started in the deepest parts of the basin [22,

23,24, 25]. The anoxic depth of the Black Sea is at about 200 m [26].

The bottom water temperature values of the Black Sea are mentioned to be constant
at a value of 9 °C after the depth of 250 m by Karabakal and Parlaktuna [27], with
the consideration of the results of the International Project of TU- Black Sea Project
in 1997 [28]. Poort [25] points out that the study of Vassilev and Dimitrov also
indicates the bottom water temperatures to be slightly changing around 8.9 °C at a
water depth more than 300 m with the consideration of data from 2320 different
monitoring points in the Black Sea [29]. As a result of the International Project of
TU- Black Sea Project [28], the salinity of seawater is indicated to be constant at 22
ppt, after the depth of 250 m in the Black Sea [27]. Figure 4.1 shows the water
temperature and salinity changes in the Black Sea with depth [27, 28].
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Figure 4.1- Water Temperature and Salinity Changes in the Black Sea with Depth
[27, 28]

The Black Sea has an oxygen-hydrogen sulfide interface at the depths of 150-200 m
[24]. It contains large amounts of organic matter as a result of being an inland sea
with many rivers carrying organic compounds [26]. H,S in the Black Sea is
produced by the processes of bacterial sulfate reduction [30]. The concentration of
H,S increases with depth and after the depth of 1000 m; it reaches an average value
of 300 uM [27, 28]. Figure 4.2 indicates changes of the H,S concentration in the
Black Sea with depth [27, 28].
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Figure 4.2- Changes of the H,S concentration in the Black Sea with depth [27, 28].

Conditions of pressure and temperature in the Black Sea are appropriate for natural
gas hydrate formation [2, 25, 27, 30]. Gas hydrate occurrences were investigated by
using seismic indications and core sampling and five regions of hydrate deposits

were determined in the Black Sea as it is shown in Figure 4.3 [2, 31].

Figure 4.3- Gas Hydrate Occurrences in the Black Sea [2, 31]



Gas hydrates in the Black Sea mainly contain methane, which is produced due to
the bacterial anaerobic reduction of CO, and fermentative transformations of
organic matter in the sediments in the Black Sea [30]. Gas hydrate equilibrium
conditions change with the components in the gas composition such as ethane,
propane, carbon dioxide and hydrogen sulfide and the existence of H,S results in
higher equilibrium temperatures of methane hydrate formation at a given pressure
[27, 32]. The Black Sea is favorable for hydrate formation with its H,S containing

environment starting from a depth of 200 m [27].
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CHAPTER 5

FORMATION CONDITIONS OF METHANE HYDROGEN SULFIDE
HYDRATES

The study of formation conditions of methane-hydrogen sulfide hydrates is an
interest area of hydrates. Hydrogen sulfide, which is a common natural gas
component, has strong tendency to form gas hydrates [33]. Noaker and Katz studied
hydrate formation conditions of methane hydrogen sulfide mixtures experimentally

and experimental data is plotted as shown in Figure 5.1 and Figure 5.2 [33].

In Figure 5.1, the hydrate formation conditions of the three component system
containing methane, H,S and water is presented. The equilibrium lines of methane-
water and H,S-water systems are labeled as 100 percent methane (0 percent H,S)
and 100 percent H,S (0 percent methane). The lines placed between the lines of 100
percent methane and 100 percent H,S show the conditions of the beginning of the
hydrate formation at different H,S compositions in the vapor phase, indicating the
three phase equilibrium of water-rich liquid (L;), hydrate (S) and vapor (V) [33].
After the point of 324.7 psia and 85.1 °F, the equilibrium line of S, L;, V continues
with another line indicated as (S)L;(L.;)V with the appearance of the H,S-rich liquid
phase (L) [33].
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Figure 5.1- Formation Conditions of Methane H,S Hydrate (P-T-mole % H,S) [33]
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Figure 5.2- Formation Conditions of Methane H,S Hydrate (T-mole % H,S-P) [33]
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The methane hydrate formation conditions reach higher equilibrium temperature
values at a given pressure with the addition of H,S [27, 32]. The change in the
methane hydrate formation conditions as a result of different H,S compositions are
pointed out and the equilibrium curves are prepared by Karabakal and Parlaktuna
[27] by the computer program of Colorado School of Mines Gas Hydrate Program
(CSMHYD) [1], as shown in Figure 5.3. Another study of Kastner et al. [34]
indicated the presence of methane H,S hydrate at the Cascadia margin, offshore
from central Oregon and determined the theoretical stability curves of the methane
H»S hydrate for 100 % methane and 90 % methane + 10 % H,S mixtures, using
Colorado School of Mines Gas Hydrate Program (CSMHYD) [1].
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Figure 5.3- Hydrate Formation Equilibrium Curves of Methane H,S Mixtures [27]
(prepared by using the Colorado School of Mines Gas Hydrate Program
(CSMHYD) [1])
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CHAPTER 6

STATEMENT OF THE PROBLEM

Gas hydrates are structures that play a significant role on oil and gas production and
also on the energy future of the world. As a potential energy source, gas hydrate
formation conditions should be studied; in order to develop methods to use gas
hydrates as an effective energy source in the future. The Black Sea, which has
suitable conditions for the gas hydrate formation with its hydrogen sulfide

containing environment, is a significant example of gas hydrate studies.

The main objective of this study is to investigate gas hydrate formation conditions
of methane and hydrogen sulfide mixtures. For this purpose, an experimental study
is carried out, considering the Black Sea conditions and hydrate equilibrium
conditions are determined. The number of moles of free gas in the hydrate
formation cell is also studied and the change in the number of moles of free gas
with time is used as a way of determining the rate of hydrate formation. Effects of
hydrogen sulfide concentration and salinity on the hydrate formation conditions are
also obtained by using different H,S concentrations and both brine and distilled

water during the experiments.
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CHAPTER 7
EXPERIMENTAL SETUP AND PROCEDURE

7.1. Experimental Setup

The experimental setup used to determine the formation conditions of methane-

hydrogen sulfide hydrate is indicated in Figure 7.1.
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Figure 7.1- The Schematic Diagram of the Experimental Setup
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The system contains a cylindrical high-pressure cell that has a volume of 600 cm’,
where the hydrate formation and dissociation processes develop, as indicated in
Figure 7.2. The high-pressure cell is placed into a constant temperature water bath,
which has a mechanism containing a motor for rocking the cell and a circulation

system, as shown in Figure 7.3.

Figure 7.3- Constant Temperature Water Bath with its Motor for Rocking
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A refrigerated chiller is immersed into the water bath to control the cooling process.
In order to determine the pressure and temperature values of the high-pressure cell,
a pressure transducer and a thermocouple are connected to the cell and to the data
logger. Another thermocouple is also added to the system to indicate the
temperature values of the water bath. The data logger and a personal computer are
used for recording temperature and pressure data in every 5 seconds. Glass marbles
are placed into the cell to mix the cell components and to break the hydrate films for

further growth of the hydrate.

A gas cylinder is used for preparing the methane- hydrogen sulfide mixture, which
is tested for high pressures, as shown in Figure 7.4. The gas cylinder is filled with
methane and hydrogen sulfide and used for charging the system, while syringes are
used for charging water to the system. Valves and connection lines are added to
make necessary connections from the high-pressure cell to the charge cylinder and
to the pressure transducer. A vacuum pump is also a component of the system.
Figure 7.5 and Figure 7.6 indicate the complete system of the experimental set-up.

Specifications of the equipment used in the system are listed in Table 7.1.

Figure 7.4- The Gas Cylinder Used for Gas Charging to the System
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Figure 7.5- The System of the Experimental Set-up (with the connections to the
charge cylinder)

Figure 7.6- The System of the Experimental Set-up
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Table 7.1- Specifications of the Equipment Used in the Experimental Set-up

Pressure Transducer

Trademark GEMS Sensors, England
Model 1000BGC1001A3UA
Pressure Range 0- 100 bar G

Output 4-20 mA

Supply 12to 35V

Precision + 1 psig

Thermocouple

Trademark Elimko, Turkey

Model PT- 100 (RT06- 1P06-4)
Temperature Range °C -30 to + 40

Precision +0.2°C

Data Logger and Controller

Trademark Elimko, Turkey
Model E- 680- 08- 2- 0- 16-1-0
Voltage 220V

Data Transfer

RS485 Mod Bus

Data Analysis

A package program of Elimko, Turkey
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Table 7.1- Specifications of the Equipment Used in the Experimental Set-up

(continued)

Immersed Chiller

Trademark PolyScience, USA
Model KR- 50 A
Working Temperature -30to + 40 °C
Voltage 220 V/ 50V
Immersion Probe Connection Length 100 cm Isolated metal pipe
Probe Diameter 1" in. /3.8 cm
Compressor 1/ 4 HP

Watts at -30 °C 40

Watts at -20 °C 100

Watts at -10 °C 160

Watts at 0 °C 220

Watts at 10 °C 320

Watts at 20 °C 350

Cooling Capacity

Watts X 3.41=BTUs/ hr

Vacuum Pump

Trademark Javac, England

Model DS40

Voltage 220 V/ 50 Hz

Type Single stage high vacuum
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7.2. Experimental Procedure

The experimental procedure consists of the following steps:

1. First of all, the methane- hydrogen sulfide mixture is prepared that will be used
in the experiment. Hydrogen sulfide is firstly introduced to the evacuated gas
cylinder, which will be used to charge the system, until the determined pressure

value is reached and then the cylinder is filled with methane.

2. The high-pressure cell is placed into the water bath with glass marbles in it.

3. The next step is making the connections between the high-pressure cell and
system components such as the pressure transducer and the gas transfer line.
One of the thermocouple is placed into the water bath to indicate the
temperature changes in the bath. The pressure transducer and thermocouple are

also connected to the data logger for data recording.

4. After all the connections are made, air is injected to the system with the use of
the needle valve controlling the gas flow to the cell, in order to check if there

exist any leakage through the connections and through the high-pressure cell.

5. If it is observed that there is no leakage in the system, the high-pressure cell is

evacuated.

6. After the evacuation, 300 ml distilled water or brine is injected into the cell.

7. Then, methane- hydrogen sulfide mixture is injected to the high-pressure cell
until a different starting pressure value is reached for each experiment, by using
the needle valve that controls the gas flow. While the gas mixture is introduced
to the system, the gas charge cylinder is rocked for the complete mixing of the

gas.
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8.

10.

11.

12.

After the gas mixture is introduced to the system, rocking and cooling processes
are started. The refrigerated chiller is immersed into the water bath and the
system is cooled until the observation of the hydrate formation with a sharp

decrease in the cell pressure.

When the rate of pressure decrease stabilizes, the refrigerated chiller is turned
off. The temperature of the system begins to increase with the help of ambient

temperature and the hydrate dissociation process starts.

Until the initial temperature and the pressure values of the system are reached,

the temperature and pressure data is recorded.

Before starting another experiment, the system is heated until nearly 30°C, in
order to prevent the tendency of forming hydrates more easily (memory effect

of water) with the effect of the previous experiment.
The next experiment is started by adding methane-hydrogen sulfide mixture to

the cell, until a pressure value higher than the previous experiment is reached.

The procedure mentioned is repeated in each experiment.
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CHAPTER 8

RESULTS AND DISCUSSION

In this study, hydrate formation conditions of methane hydrogen sulfide mixtures
are investigated and the effects of change in H,S concentration and salinity on the
hydrate formation are examined. For this purpose, 25 experiments were carried out.
During these experiments, three different gas mixtures having different methane
hydrogen sulfide concentrations were used as hydrate forming gas phase. As a
fourth group of experiments, pure methane was also used as hydrate forming gas.
The concentration of hydrogen sulfide in the gas mixtures were measured by the gas
chromatography at the Turkish Petroleum Corporation (TPAO) Research Center
and the results for the each group of the experiments were reported to be 129, 86
and 62 ppm, respectively. The results of the gas chromatography, reported by
TPAO Research Center are given in Appendix A.

The experiments are carried out with distilled and saline water. In the preparation of
the saline water, the Black Sea conditions, which are suitable for hydrate formation
with its hydrogen sulfide containing environment [27], are taken into consideration.
The Black Sea water salinity is a constant value of 22 ppt after the depth of 250 m
[27, 28]. In this respect, the saline water used in the experiments is prepared by
adding 22 g NaCl to 1000 ml pure water (2 % wt NaCl) and mixing the solution

with a magnetic stirrer.
According to the H,S concentration and the water used in the experiments,

experiments are classified into 4 groups. Table 8.1 indicates the classification of the

experiments.
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Table 8.1- Classification of the Experiments

(According to the H,S Concentration and the Type of Water)

GROUP- 1
Experiment | H,S Concentration Type of water Initial Pressure
No (ppm) at 15 °C (bar-g)
I-1 129 Distilled water 37.98
I-2 129 Distilled water 43.07
I-3 129 Distilled water 51.32
1-4 129 Distilled water 51.22
I-5 129 Brine 35.14
I-6 129 Brine 39.55
GROUP- 1T
Experiment | H>S Concentration Type of water Initial Pressure
No (ppm) used at 12 °C (bar-g)
I1-1 86 Brine 34.00
I1-2 86 Brine 38.78
11-3 86 Brine 45.90
11-4 86 Brine 51.78
I1-5 86 Distilled water 34.31
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Table 8.1- Classification of the Experiments

(According to the H,S Concentration and the Type of Water) (continued)

GROUP- III

Experiment | H,S Concentration Type of water | Initial Pressure

No (ppm) at 6 °C (bar-g)
II-1 62 Brine 34.74
I1-2 62 Brine 48.00
II1-3 62 Brine 54.42
114 62 Brine 42.16
II-5 62 Distilled water 36.62
III1-6 62 Distilled water 42.50
11-7 62 Distilled water 35.90

GROUP- IV

Experiment | H,S Concentration Type of water | Initial Pressure

No (ppm) used at 10 °C (bar-g)
Iv-1 0 Distilled water 46.25
Iv-2 0 Distilled water 52.32
Iv-3 0 Brine 33.62
v-4 0 Brine 47.67
IV-5 0 Brine 55.66
Iv-6 0 Brine 55.66
Iv-7 0 Brine 55.66
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Experiments [-3 and I-4, IV-5, IV-6 and IV-7 were repeated under the same
experimental conditions to see the reproducibility of the experiments. The results of
reproducibility experiments will be discussed after introducing the sample plots

obtained from each experiment.

In this experimental study, data of pressure-temperature vs. time, pressure vs.
temperature and the number of free gas in the cell vs. time graphs are plotted for all
experiments. In Figure 8.1, a typical hydrate formation and dissociation plot of
pressure-temperature vs. time (Experiment II - 4) is presented. The pressure-

temperature vs. time plots of all experiments are indicated in Appendix B.
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Figure 8.1- A Typical Hydrate Formation and Dissociation Plot of Pressure-

Temperature- Time (Experiment I11-4).
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As it is indicated in Figure 8.1, initially, the system pressure drops gradually as a
result of the cooling process, because of the relation between temperature and
pressure as stated in the real gas law and since the solubility of free gas in water
increases. Then, when hydrate formation begins, a sharp decrease in the pressure
can be observed. This sudden change in the slope of the pressure curve is used to
indicate the conditions of the beginning of hydrate formation. After the completion
of hydrate formation process, the system is let to warm up with the help of ambient
temperature and the hydrate dissociation process begins, resulting in an increase in
the system pressure. In each experiment, hydrate formation and dissociation
conditions are observed. The pressure- temperature vs. time plots of the

experiments are indicated in Appendix B.

For each experiment, pressure vs. temperature plots of hydrate formation and
dissociation is also constructed. Figure 8.2 shows a typical pressure vs. temperature
plot of the hydrate formation and dissociation processes (Experiment II-4), namely
the hydrate hysteresis. Hydrate formation and hydrate dissociation curves represent
a complete cycle. The intersection point of the hydrate formation and dissociation
curves is referred as the hydrate equilibrium point. In the literature, there are few
explanations of the hydrate hysteresis of hydrate formation and dissociation.
According to Schroeter and Kobayashi [36], the reason of the hysteresis is the
metastability of hydrate forming compounds during the cooling portion. The
supercooling effect usually causes a temperature difference in the equilibrium of the
formation and dissociation [37] and the subcooling required to form enough critical
nuclei for the initiation of hydrate formation is strongly affected by the extent of

agitation [38].

The pressure vs. temperature plots of the experiments are presented in Appendix C.
In all the experiments, the hydrate equilibrium points are observed, except from
Experiment II-1 and Experiment II-2, in which some gas leakage resulted in a

decrease in the cell pressure.
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Figure 8.2- A Typical Hydrate Formation and Dissociation Plot of Pressure vs.

Temperature (Experiment 11-4)

Another result obtained from the experiments is the number of moles of free gas in
the high-pressure cell. The number of free gas is obtained by using the computer
program developed by Parlaktuna and Dogan [35]. The program calculates the
number of moles of gas by using the real gas law expressed in Equation 8.1,
determining the gas compressibility factor (z) at first. During the experiments,
pressure and temperature values are recorded in every 5 seconds and the data
recorded is used in the determination of number of moles of free gas in the cell. The

volume of free gas in the cell is taken to be a constant value of 300 cm’.

PV =znRT (8.1)
where
P: Cell pressure, psia
V: Volume of free gas in the cell, cuft
z: Gas compressibility factor
n: Number of moles of free gas in the cell, Ib-mole
R: Universal gas constant, (10.73 psia cuft/ Ib-mole °R)

T: Cell temperature, °R
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In Figure 8.3, a typical number of moles of free gas- time plot is represented, which
is plotted for Experiment II-4. As it is seen from the Figure, during the hydrate
formation process, the number of moles of free gas in the cell decreases. After the
hydrate dissociation process ends, the number of moles of free gas reaches its initial

value.

0.0018 ~

0.0017 ~

0.0016 A

0.0015 ~

0.0014 ~

Hydrate Formation
0.0013 4

0.0012 ~

Hydrate Dissociation

0.0011 ~

Number of Moles of Free Gas (lb-mole)

0.0010 ~

0.0009 T T T T T T T )
0 10000 20000 30000 40000 50000 60000 70000 80000

Time (sec)

Figure 8.3- A Typical Number of Moles of Free Gas- Time Plot (Experiment 11-4)

The change in the number of moles of free gas with respect to time indicates the
rate of hydrate formation. The rate of hydrate formation can be determined by
taking the derivative of the equation of the best line that fits the hydrate formation
curve. In this study, first 1 hour period of the hydrate formation is considered to be
the most representative period of all the experiments for the rate determination. It
can be observed in Figure 8.4 that the equation of the best line that fits the hydrate

formation curve in the first 1 hour period of hydrate formation can be written as
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n=-1.59819 x10%t + 2.01614 ><10'3, where n is the number of moles of free gas in
Ib-mole and t is time in seconds. The derivative of the expression with respect to
time indicates the rate of hydrate formation to be 1.59819 x10™® Ib-mole/sec. The
plots of the number of moles of hydrate formation vs. time data are represented in

Appendix D.
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Figure 8.4- A Typical Number of Moles of Free Gas- Time Plot (Experiment 11-4)
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8.1 Repeatability

Experiments I-3, -4 and IV-5, IV-6 and IV-7 are used to determine the repeatability
of the experiments. In Figure 8.5, plots of the equilibrium pressure and temperature
values of Experiment I-3 and I-4 are represented, in which distilled water and 129
ppm H,S concentration is used. As it is shown in Figure 8.5, hydrate hysteresis
curves of the two experiments are almost identical with a minor difference in
hydrate equilibrium conditions. Furthermore, data of the other group of experiments
of IV-5, IV-6 and IV-7 (0 ppm H,S concentration, brine) show exactly the same

results indicating repeatability of the experiments (Figure 8.6).
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Figure 8.5- Pressure vs. Temperature Plots of Experiments I-3 and 1-4
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Figure 8.6- Pressure vs. Temperature Plots of Experiments IV-5, IV-6 and IV-7

8.2. Rate of Hydrate Formation

As it is mentioned previously, the change in number of moles of free gas with
respect to time can be used to determine the hydrate formation rate. By deciding on
that first 1 hour period of hydrate formation process of each experiment to be the
most representative period for the determination of hydrate formation, hydrate
formation rates are determined by taking the derivative of the equation of the best
line that fits the hydrate formation process in the first 1 hour period. The hydrate

formation rates and hydrate equilibrium pressure and temperatures are indicated in
Table 8.2.
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Table 8.2- Rate of Hydrate Formation and Equilibrium Pressure and Temperature

Values of Experiments

Exp. Rate of Formation Initial Pres. Equilibrium | Equilibrium

(Ib- mole/ sec) at 15 °C (bar-g) | Temp. (°C) | Pres.(bar-g)
I-1 1.5278 x 10°® 37.98 7.12 36.42
-2 1.3247 x 10 43.07 8.11 41.56
I-3 2.0207 x 10°® 51.32 10.18 50.08
I-4 1.8200 x 10°® 51.22 9.79 49.97
I-5 1.0416 x 10” 35.14 7.42 33.91
1-6 1.2880 x 10° 39.55 8.70 38.56

Rate of Formation Initial Pres. Equilibrium | Equilibrium

Exp. (Ib- mole/ sec) at 12 °C (bar-g) | Temp. (°C) | Pres.(bar-g)
1I-1 1.5824 x10™ 34.00 2.08 29.37
-2 1.3719x 10°® 38.78 3.96 35.68
1-3 1.8564 x 10°® 45.90 5.94 44.40
114 1.5982 x 10 51.78 7.12 50.54
11-5 1.1575x 10°® 34.31 3.66 32.86

Rate of Formation Initial Pres. Equilibrium | Equilibrium

Exp. (Ib- mole/ sec) at 6 °C (bar-g) Temp. (°C) | Pres.(bar-g)
I-1 4.1319x10” 34.74 3.37 34.22
1-2 1.6809 x 10 48.00 6.43 48.05
II1-3 1.4160 x 10°® 54.42 7.62 54.93
11-4 1.0892 x 10°® 42.16 5.24 42.01
II-5 1.4567 x 10°® 36.62 4.26 36.23
I1-6 1.7595 x 10°® 42.50 5.54 42.40
1I-7 1.4664 x 10 35.90 4.06 35.50
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Table 8.2- Rate of Hydrate Formation and Equilibrium Pressure and Temperature

Values of Experiments (continued)

Exp. | Rate of Formation | Initial Pressure | Equilibrium | Equilibrium
(Ib- mole/ sec) | at 10 °C (bar-g) | Temp. (°C) | Pres.(bar-g)
IV-1 1.5600 x 10°® 46.25 5.84 45.34
V-2 1.6586 x 10°® 52.32 6.92 51.51
V-3 1.1893 x 10 33.62 2.68 32.40
V-4 1.5446 x 10°® 47.67 5.84 46.66
IV-5 1.9740 x 10°® 55.66 7.32 54.85
IV-6 1.6286 x 10 55.66 7.32 54.85
V-7 2.0356 x 10° 55.66 7.32 54.95

In Figure 8.7- Figure 8.10, the relationship between the hydrate formation rates and
equilibrium pressure values are plotted for H,S concentrations of 129 ppm, 86 ppm,

62 ppm and 0 ppm, respectively.
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Figure 8.7- Hydrate Formation Rate vs. Equilibrium Pressure (Group I)
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All plots indicate a common behavior that there is an increase in hydrate formation
rate with the increase in the hydrate equilibrium pressure. Although there exist
some scatter in the absolute values of hydrate formation rates with equilibrium
pressure, the change in hydrate formation rate can be expressed as a linear function

of hydrate equilibrium pressure.

8.3. Hydrate Equilibrium Conditions

One of the main objectives of the experimental study is to obtain the methane-
hydrogen sulfide hydrate equilibrium conditions and the effects of H,S
concentration and salinity on the equilibrium conditions. Hydrate equilibrium points
are obtained from hydrate formation-dissociation experiments as the intersection
point of formation and dissociation curves (Figure 8.2). Data of equilibrium
temperatures and pressures are obtained for the experiments of distilled water and
brine with 129 ppm, 86 ppm, 62 ppm and 0 ppm H,S concentration and presented in
Table 8.2.

In Figure 8.11, the Cartesian plot of equilibrium pressure and temperature values for
the experiments conducted with distilled water and brine with 129 ppm H,S
concentration is presented. As it is known from the literature, hydrate equilibrium
temperature is related to the hydrate equilibrium pressure exponentially. This
knowledge was applied to the plot in Figure 8.11 resulted with an exponential fit of
data having the regression coefficient of 0.9843 (very close to 1) which indicates a
satisfactory fit. As a result, all the data of the other experiments are also represented
in semi-log plots in Figure 8.12- Figure 8.15 and a linear relationship between

hydrate equilibrium temperatures and pressures is observed.
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In Figure 8.11, equilibrium pressure and temperature values of Experiment Group-I
(129 ppm Ha,S concentration) are indicated. The data show that the equilibrium
temperature and pressure values are directly proportional. However, the expected
effect of salinity on hydrate equilibrium conditions could not be observed. It is
expected that an increase in salinity should shift the methane-hydrogen sulfide
hydrate equilibrium condition to higher equilibrium pressures for a given
temperature [1, 32]. One of the reasons of the unexpected result obtained from this
group of experiments can be predicted to be the gas charging process during the
preparation of the experiments. As it was mentioned before, during the gas
charging, the gas cylinder was rocked continuously to obtain a uniform gas

composition transfer from the gas charging cylinder to the hydrate formation cell. It
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could be possible to have insufficient shaking and mixing of the gas content of the
gas charging cylinder during the preparation of this group of experiments and it
may cause a higher H,S concentration because of the nonuniform gas content
distribution. Consequently, effects of H,S concentration and salinity on hydrate
formation may be cancelled out each other and the expected effect of the salinity

may not be observed.

It can be observed from Figure 8.13, Figure 8.14 and Figure 8.15 that salinity has an
inverse effect on hydrate formation and an increase in the salinity shifts the
methane-hydrogen sulfide hydrate equilibrium condition to lower equilibrium
temperatures at a given pressure. Higher hydrate equilibrium temperatures are
obtained from the experiments carried out with distilled water than the experiments

carried out with brine.

The effect of H,S concentration is also considered during the study. In Figure 8.16
and Figure 8.17, hydrate equilibrium temperature and pressure values are plotted for

the experiments carried out with brine and distilled water.
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As it can be observed from the Figure 8.16 and Figure 8.17, the methane-hydrogen
sulfide hydrate formation conditions reach higher equilibrium temperature values at
a given pressure with the increase in the H,S concentration. The higher the H,S
concentration is, the higher the hydrate equilibrium temperature at a given pressure

for both distilled water and brine.

Considering the results of the experiments, the following expression can be stated to

indicate the relationship between hydrate equilibrium pressure and temperature:

logP, =Ae"" (8.1)

where

P.: Hydrate equilibrium pressure, bar-g
T.: Hydrate equilibrium temperature, °C

A, B: Equilibrium constants

In Table 8.3, the equilibrium constants for different H,S concentrations and for both

distilled water and brine is listed, by considering the experimental data obtained.
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Table 8.3- The Equilibrium Constants for Different H,S Concentrations and
Distilled Water and Brine

Distilled Water
H,S Concentration (ppm) A B
0 22,744 | 0.118
62 21.680 | 0.121
129 17.205 | 0.107
Brine (2 % wt NaCl)
H,S Concentration (ppm) A B
0 23.938 | 0.1130
62 23.482 | 0.1140
86 23.388 | 0.1079
129 16.099 | 0.1004

Hydrate equilibrium temperature and pressure data obtained from the experiments
are compared with hydrate equilibrium conditions that are determined using the
computer program CSMHYD [1] and indicated in Figure 8.18 and Figure 8.19 for

both distilled water and brine.
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In Figure 8.18 and Figure 8.19, it can be observed that hydrate equilibrium
temperature and pressure data obtained from the experiments follow almost the
same trend with the results of CSMHYD [1]. Although the data of the experiments
are close to the results of CSMHYD, the data of Experiment Group-I for 129 ppm
H,S, especially for brine differ from the results of CSMHYD [1]. For a better
comparison between the results, unit conversion from parts per million (ppm) to
mole per cent for 129, 86 and 62 ppm H»S concentration is included in Appendix E,
which is determined using the results of gas chromatography reported by Turkish
Petroleum Corporation (TPAO). It is calculated that 129 ppm H,S concentration
corresponds to 0.0064 % mole H,S, while 86 ppm and 62 ppm H,S concentration
are calculated to be 0.0041 % mole H,S and 0.0030 % mole H,S, respectively. The
H,S concentrations used in the experiments are very close to 0 % mole H,S as it is
seen in Figure 8.18 and 8.19, except from Experiment Group I. It can be stated that
although the common behavior of the experimental results with the results of
CSMHYD is observed, a quantitative comparison between the results is not possible

due to very low HsS concentration in experimental part of this study.
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8.4. Black Sea Hydrate Formation Conditions

Results of the experiments are analyzed to determine if the Black Sea has suitable
conditions for methane-hydrogen sulfide hydrate formation. During the
experiments, the Black Sea salinity condition is provided (2% wt NaCl).
Equilibrium temperature and pressure data obtained from the experiments and
Black Sea temperature and pressure values [27] are plotted by converting the
pressure data to depth, as shown in Figure 8.20. Results of the computer program
CSMHYD [1] for 0 % and 2 % H»S concentration and 2 % wt NaCl Brine are also
included in Figure 8.20.

From the intersection points of extrapolated hydrate equilibrium curves of
experimental results and the curve of the Black Sea conditions, hydrate formation
depths are determined for 129, 86, 62 and 0 ppm H,S concentrations. As shown in
Figure 8.20, the Black Sea has suitable conditions for methane hydrogen sulfide
mixtures at a minimum depth of 400 m for 129 ppm H,S concentration. For 86, 62
and 0 ppm H,S concentrations, the Black Sea has appropriate conditions at the
depths of 613, 625, 663 m and deeper, respectively. As the H,S concentration
increases, the minimum depth of hydrate formation of methane-hydrogen sulfide
mixtures decreases. By considering the results of the experiments, it can be stated
that the Black Sea has suitable conditions for hydrate formation of methane

hydrogen sulfide mixtures.
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CONCLUSION

In this study, an experimental work is carried out to obtain the hydrate formation
conditions of methane-hydrogen sulfide mixtures. Hydrate equilibrium conditions
are determined as well as the number of moles of free gas in the hydrate formation
cell and rate of hydrate formation. During the experiments, pressure- temperature-
time, pressure- time and the number of moles of free gas-time data are analyzed and

the following results are obtained:

e There is an increase in hydrate formation rate with the increase in the hydrate
equilibrium pressure. The change in hydrate formation rate can be expressed as

a linear function of hydrate equilibrium pressure.

e Salinity has an inverse effect on hydrate formation. An increase in the salinity
shifts the methane-hydrogen sulfide hydrate equilibrium condition to lower

equilibrium temperatures at a given pressure.

e With an increase in the H,S concentration, the methane hydrogen sulfide
hydrate formation conditions reach higher equilibrium temperature values at a

given pressure.
¢ Considering the results of the experiments, it can be stated that the Black Sea
has suitable conditions for hydrate formation of methane hydrogen sulfide

mixtures.

® As the H,S concentration increases, the minimum depth of hydrate formation of

methane-hydrogen sulfide mixtures decreases.
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APPENDIX A

RESULTS OF THE GAS CHROMOTOGRAPHY REPORTED BY THE
TPAO RESEARCH CENTER

TPAO ARASTIRMA MERKEZI
URETIM TEKNOLOJISi MUDURLUGU
GAZ ANALIZ RAPORU

Sirket: ODTU/Petrol ve Dogal Gaz Mihendisligi Analiz Tarihi: 16.10.2006
Bolge saha: Ornekleme Tarihi:
Formasyon: Derinlik/Aralik (m):
Sicaklik (°F): Numune Numarasi:
Basing (psi): Ornekl Yeri:
Test Sebebi: Gaz Hidrat Projesi Kapsaminda Yapilan Analiz
Yéntem
Bilesenler Mol, % Olgiim Belirsizligi () ASTM D-1945
H, Hidrojen 2,144 0,055
Ar  Argon 0,987 0,026
N, Azot 6,987 0,181
CO, Karbondioksit 0,000 -
Cs  Metan 89,873 2,322
C, Etan 0,009 0,000
C;  Propan 0,000 -
iC4 iso-Butan 0,000
nC, n-Butan 0,000 -
iCs iso-Pentan 0,000 -
nCs n-Pentan 0,000 -
nCs n-Hekzan 0,000
Toplam 100
*Digder Siilfiir Bilesikleri ppm
H,S Hidrojen Slfiir @ 0,001
Ccos Karbonil Sulfur 0 -
CHsSH  Metil Merkaptan 0,95147 0,000
C,HsSH  Etil Merkaptan 0
Bazi Gaz Ozellikleri:
1ISO 6976
Pseudo Kritik Basing,psia § 644,9
Pseudo Kritik Sicaklik,°R 5 328,1
Mol Agirlik,g/mol g 16,816
Ozgul Agirlik (25 °C-1 atm) : 0,581
Ust Isi Degeri,keal/sm® : 8173,43
Alt Isi Degeri kcal/sm® 3 7355,39
Wobbe Sayis kcal/sm® g 10720
Sikistirma Faktoru E 0,9983

Figure A.1- The Result of the Gas Chromotography (129 ppm) for the Experiment
Group 1
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TPAO ARASTIRMA MERKEZI
URETIM TEKNOLOJisi MUDURLUGU
GAZ ANALiZ RAPORU

Sirket: ODTU/Petrol ve Dogal Gaz Mihendisligi Analiz Tarihi: 16.11.2006
Bolge saha: Ornekleme Tarihi: 16.11.2006
Formasyon: Derinlik/Aralik (m):

Sicaklik (°F): Numune Numarasi:
Basing (psi): Ornekleme Yeri:
Test Sebebi: Gaz Hidrat Projesi Kapsaminda Yapilan Analiz

Yontem
Bilesenler Mol, % Olciim Belirsizligi (+) ASTM D-1945
H,  Hidrojen 0,000 =
Ar  Argon 0,910 0,024
N, Azot 0,000 -
CO, Karbondioksit 0,000 -
C; Metan 99,080 2,560
C, Etan 0,010 0,000
Cs  Propan 0,000 -
iC, iso-Butan 0,000 -
nC, n-Butan 0,000 -
iCs iso-Pentan 0,000 -
nCs n-Pentan 0,000 -
nCg n-Hekzan 0,000 -
Toplam 100
*Diger Siilfiir Bilesikleri ppm
H,S Hidrojen Sulfur (86,36297) 0,001
COos Karbonil Sulfur <0,1 -
CH3SH  Metil Merkaptan 0,619614 0,000
C,HsSH  Etil Merkaptan <0,1 -
Bazi Gaz Ozellikleri:
1SO 6976
Pseudo Kritik Basing,psia = 667,4
Pseudo Kritik Sicaklik,°R % 3424
Mol Agirlik,g/mol 3 16,262
Ozgiil Agirlik (25 °C-1 atm) ; 0,562
Ust Isi Degeri,kcal/sm® : 8944,52
Alt I Degeri,kcal/sm’ : 8053,08
Wobbe Sayis kcal/sm® ; 11928
Sikistirma Faktéra 3 0,9980

Figure A.2- The Result of the Gas Chromotography (86 ppm) for the Experiment
Group II

60



TPAO ARASTIRMA MERKEZI
URETIM TEKNOLO.JISI MUDURLUGU
GAZ ANALIZ RAPORU

| Sirket: ODTL Analiz Tarihi: 7812 2006
e saha Ornekieme Tarihi:
syon: DerinlikiRAralik {rm):
Iedikc {"F): Numune Numarasi:
n¢ {psi): Ornekieme Yeri:
Sebebi: Gaz Hidrat Projesi

Yontem
Bilegenler Mol.%  Qiciim Belirsizligi (1 ASTM D-15945
Hs  Hidrojen 0,000 -
Ar o Argon 1,638 0,042
My Azat 0,000 -
GOy Karhondioksit 0,000 ]
C; Metan 98,352 2542
Cs  Etan 0,00 0,000
Ca  Propan 0,000 -
iCy  iso-Butan 0,000 S
nC, nButan 0,000 H
iCs iso-Pentan 0,000 -
nCs nPentan 0,000 -
nCg rHekzan 0,000 -
Toplam 100
‘Diger Siilfiir Bilegideri ppm
He S Hidrojen Saifar {51,?22355) 0,00
Cos Karhonil BOIfar =0,1 -
CHaSH  Metil Merkaptan 0168596 0,0a0
CaHsSH  Efil Merkaptan 04023725 0,0a0
Bazi Gaz Ozellikleri:
IS0 6976
Pseudo Kritik Basi 495 5
Pseudo Kritik Sica: 2821
r!qolﬂﬁlrllk,glmol i 26,4472
Ozgdl Adirhik (25 °; 0,914
Ustla Dederi keal.: 441168
Alt 1=l Dederi, keall 40145 55
Wobbe Savis kea 4615
Sikistira Faktori: 0,9937

Figure A.3- The Result of the Gas Chromotography (62 ppm) for the Experiment
Group III
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APPENDIX B

PRESSURE-TEMPERATURE VS. TIME PLOTS OF THE EXPERIMENTS
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APPENDIX C

PRESSURE vs. TEMPERATURE PLOTS OF THE EXPERIMENTS
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Plot of the Experiment II-3

Figure C.10- Pressure-Temperature

Plot of the Experiment II-4
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Figure C.11- Pressure-Temperature

Plot of the Experiment II-5

Figure C.12- Pressure-Temperature

Plot of the Experiment III-1
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Figure C.13- Pressure-Temperature

Plot of the Experiment III-2

Figure C.14- Pressure-Temperature

Plot of the Experiment III-3
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Figure C.15- Pressure-Temperature

Plot of the Experiment III-4
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Figure C.16- Pressure-Temperature

Plot of the Experiment III-5
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Plot of the Experiment III-6

Figure C.18- Pressure-Temperature

Plot of the Experiment III-7
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Figure C.19- Pressure-Temperature

Plot of the Experiment IV-1

Figure C.20- Pressure-Temperature

Plot of the Experiment V-2
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Figure C.21- Pressure-Temperature

Plot of the Experiment V-3
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Figure C.22- Pressure-Temperature

Plot of the Experiment V-4
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Figure C.23- Pressure-Temperature

Plot of the Experiment V-5
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Figure C.24- Pressure-Temperature

Plot of the Experiment IV-6




APPENDIX D

NUMBER OF MOLES OF FREE GAS VS. TIME PLOTS OF THE
EXPERIMENTS
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Figure D.2- Number of Moles of Free Gas- Time Plot (I-2)
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Figure D.5- Number of Moles of Free Gas- Time Plot (I-5)
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Figure D.17- Number of Moles of Free Gas- Time Plot (III-6)
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Figure D.19- Number of Moles of Free Gas- Time Plot (IV-1)
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Figure D.20- Number of Moles of Free Gas- Time Plot (IV-2)
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Figure D.23- Number of Moles of Free Gas- Time Plot (IV-5)
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APPENDIX E

UNIT CONVERSION BETWEEN PPM AND MOLE PER CENT
FOR 129, 86, 62 PPM H,S CONCENTRATION

e Converting 129 ppm to mole %: (129 ppm= 0.0129 % wt/wt)

Table E.1- Conversion Between ppm and Mole Per cent for 129 ppm H,S

Concentration
@D 1 @ 3 @ 6 (6) @) ®)
Com|Mole, | Mole, |Molecular|Mass,| Mass, M_a 55, Mole | Mole,
% | Frac | weight, g |in100g (100_(1)1‘10129) %
g/g-mole o
H, |2.144]0.0214| 2.02 |0.043| 0.2576 0.2576 0.1275 |2.1439
Ar [0.987]0.0099| 39.95 |0.394| 2.3452 2.3449 0.0587 |0.9869
N, [6.987(0.0699| 28.01 |[1.957|11.6401| 11.6386 0.4155 |6.9866
C, |89.87(0.8987| 16.04 |14.42(85.7409| 85.7299 5.3448 |89.867
C, 10.009(0.0001| 30.07 |0.003| 0.0161 | 0.01609 | 0.00054 |0.0064
H,S 34.08 0.0129 0.00038
Total| 100 1 16.81{100.013|  99.871 5.9474 | 100

(1): Results of Gas Chromatography
Reported by TPAO.

@=02)x3)

(5) =100 % (4)/16.813

(6) = (100-0.0129) X (5) /100

(NH=(©)/0)

(8) =100 x (7)/ 5.9474

129 ppm = 0.0064 mole %
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e Converting 86 ppm to mole %: (86 ppm= 0.0086 % wt/wt)

Table E.2- Conversion Between ppm and Mole Per cent for 86 ppm H,S

Concentration
1 | @ 3) ) (5) (6) @) ¢S]
Com.|Mole, | Mole, |Molecular|Mass,| Mass, Ma 58 Mole |Mole,
% | Frac | weight, g |in100g n %

g/g—mo]e (100-00086) g

Ar [0.910/0.0091] 39.95 ]0.364| 2.2360 2.2358 0.0560 [0.9100

Ci 199.08]0.9908| 16.04 |15.89|97.7455| 97.7371 6.0933 [99.076

C, (0.010]0.0001| 30.07 |0.003|0.0185 0.01849 0.00061 [0.0100

H,S 34.08 0.0086 0.00025 0.0041

Total| 100 1 16.26{100.008 99.991 6.150 100

(1): Results of Gas Chromatography Reported by TPAO.
@D=2)x0O3)

(5) =100 x (4) / 16.259

(6) = (100-0.0086) x (5) /100

(N=©)/03)

(8) =100 x (7)/ 6.150

86 ppm = 0.0041 mole %
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e Converting 62 ppm to mole %: (62 ppm= 0.0062 % wt/wt)

Table E.3- Conversion Between ppm and Mole Per cent for 62 ppm H,S

Concentration
H | @) (3) “4) &) (6) (7 )
Com|Mole, | Mole, MolecularMass,| Mass, Mass, in Mole | Mole,
% | Frac | weight, g |in 100 g|(100-0.0062) g %o

g/g-mole

Ar 11.638/0.0164 39.95 ]0.654|3.9821 3.9819 0.0997 | 1.638

Ci 198.35(0.9835] 16.04 |15.78]95.9996]  95.9936 5.9846 | 98.35

C2 10.010(0.0001] 30.07 [0.003|0.0183 0.01830 0.00061 | 0.010

H,S 34.08 0.0062 0.00018 |0.0030

Totall 100 | 1 16.431100.006| 99994 6.085 | 100

(1): Results of Gas Chromatography Reported by TPAO.
@=02)x(3)

(5)=100x(4)/16.433

(6) = (100-0.0062) x (5) /100

(M =(©)/03)

(8) =100 x (7)/ 6.085

62 ppm = 0.0030 mole %
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