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ABSTRACT 

 

ANALYSIS OF THE BLACK SEA GAS HYDRATES 

 

Merey, Şükrü 

Ph.D., Department of Petroleum and Natural Gas Engineering 

     Supervisor: Asst.Prof. Dr. Çağlar Sınayuç 

 

March 2017, 376 pages 

 

 

In this study, it was estimated that 71.8 standard tcm of methane can be available in 

the Black Sea gas hydrates. However, only 13.6 tcm of this amount was calculated as 

energy sources.  

 

With HydrateResSim simulator, gas production potentials from a hypothetical Class 

1 hydrate in the Black Sea conditions by depressurization and depressurization with 

wellbore heating were simulated. Wellbore heating might be necessary to avoid 

hydrate reformation along the wellbore during production. For comparison with the 

data of Class 1 hydrate simulations, hypothetical Class 3 hydrate simulations by 

depressurization with and without wellbore heating were conducted by 

HydrateResSim.  

 

Experimental set-up for gas production from the Black gas hydrates by 

depressurization was designed according to the results of HydrateResSim.  HEP.m 

code was written with Matlab to predict hydrate properties. This code was integrated 

with other codes written to calculate gas compositional change (HEPComp.m) during 

hydrate formation of gas mixtures, the amount of gas and water to obtain target 

saturations in experimental studies of hydrate in sediments inside high pressure 

reactors (SM.m and SMmix.m). BSR.m code was written to predict gas composition 

near the bottom simulating reflectance in marine sediments. These codes were tested 
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and compared with literature experimental, numerical data, and other software, 

consistent results were obtained. 

 

The Black Sea sediments were investigated and it was observed that clay content is 

high and turbidites include fine silty sand and sandy silt. However, there might be 

thin coarse sand sections that might be good hydrate reservoirs for gas production. 

 

 

Keywords: gas hydrates, methane hydrates, hydrate properties, the Black Sea, 

depressurization, HydrateResSim, sediments, the Black Sea sediments 
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ÖZ 

 

KARADENİZ GAZ HİDRATLARININ ANALİZ EDİLMESİ 

 

Merey, Şükrü 

Doktora, Petrol ve Doğal Gaz Mühendisliği Bölümü  

     Tez Yöneticisi: Yrd.Doç. Dr. Çağlar Sınayuç 

 

Mart 2017, 376 sayfa 

 

Bu çalışmada Karadeniz gaz hidratlarında 71.8 standart trilyon metre küp metan gazı 

olabileceği hesaplanmıştır. Ancak bu miktarın sadece 13.6 trilyon metre küpünün 

enerji kaynağı olarak düşünülebileceği hesaplanmıştır.  

 

HydrateResSim programı ile, Karadeniz şartlarında varsayılan tip 1 hidrat 

rezervinden, kuyunun ısıtılması veya ısıtılmadan basınç düşürme metodu ile 

simülasyon çalışmaları yapılmıştır. Üretim süresince kuyu cidarında hidrat 

oluşumunun engellenmesi için, kuyunun kuyu boyunca ısıtılması gerektiği 

belirlenmiştir. Tip 1 hidrat simülasyonları ile karşılaştırmak için, Karadeniz 

şartlarında varsayılan tip 3 hidratı için kuyunun ısıtılması veya ısıtılmadan basınç 

düşürme metodu ile farklı basınçlarda simülasyon çalışmaları HydrateResSim ile 

yapılmıştır.  

 

Karadeniz gaz hidratlarından başlıca basınç düşürme metodu ile gaz üretimi için 

deneysel düzenek HydrateResSim programı simulasyon verileri kullanılarak dizayn 

edilmiştir. Matlab ile yazılan hidrat özelliklerini tahmin edebilen HEP.m kodu 

yazılmıştır. Ayrıca bu kod diğer yazılan kodlarla bağdaştırılarak, hidrat oluşumu 

sırasında gaz kompozisyon değişiminin analiz edilmesi (HEPComp.m) ve deneysel 

çalışmalarda yüksek basınç hücresi içerisindeki sedimentlerde hidratlarda hedeflenen 

saturasyonlar için gerekli gaz ve su miktarının hesaplanması (SM.m ve SMmix.m) 

gibi durumlar için kullanılmaktadır. Denizel sedimentlerindeki BSR yansımalarının 
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civarındaki hidratlarda gaz karışımının tespit edilmesi için BSR.m kodu yazılmıştır. 

Bu kodlar literatür deneysel, matematiksel verileri, ve diğer benzer programlar ile test 

edilmiş ve karşılaştırılmıştır, tutarlı sonuçlar elde edilmiştir.  

 

Karadeniz sedimentleri araştırılmıştır ve yüksek kil oranı olduğu ve ayrıca 

türbiditlerin küçük tanecikli siltli kum ve kumlu silt içerdiği gözlenmiştir. Fakat, 

Karadeniz’deki iri tanecikli ince kum tabaklarının gaz üretimi için uygun olan, 

üretimi kolay hidrat rezervleri içerebilir. 

 

 

Anahtar Kelimeler: gaz hidratlar, metan hidratları, hidrat özellikleri, Karadeniz, 

basınç düşürme metodu, HydrateResSim, Karadeniz sedimentleri 
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CHAPTER 1  

 

 

INTRODUCTION 

 

 

 

The consumption of fossil fuels has been increasing sharply in all over the world. 

However, current conventional oil and gas reserves are not limitless. Advancement 

of technology has triggered the production of natural gas from unconventional natural 

gas reservoirs such as gas hydrates, shale gas, tight gas, and coalbed methane 

reserves. Except gas hydrate reservoirs, huge amount of gas is being currently 

produced from shale gas, tight gas, and coalbed methane reserves, mainly in the 

United States of America (Laherrere, 2000; Kok and Merey, 2014; Ma and Holditch, 

2016; Max and Johnson, 2016). However, gas production technology from gas 

hydrate reservoirs are still immature (SBC Energy Institute, 2015; Ma and Holditch, 

2016; Max and Johnson, 2016). Therefore, many studies related to seismic, drilling, 

well completion, coring, geomechanics, geology, geochemistry and production in gas 

hydrate reservoirs are essential to provide alternative gas production methods for gas 

hydrates. 

 

Figure 1-1 shows the known and inferred locations of gas hydrate reservoirs in the 

world. Gas hydrates form at high pressure and low temperature conditions from water 

(host molecules) and guest molecules. Gas hydrate reservoirs mostly consist of 

methane (CH4) but also they include other impurities such as ethane (C2H6), propane 

(C3H8), hydrogen sulfide (H2S) and carbon dioxide (CO2).  1 m3 of gas hydrate can 

release of 160-180 m3 of natural gas at standard conditions (0 oC and 1 atm) (Sloan, 

2003). Koh et al. (2012) proposed that even the most conservative estimates place the 

amount of gas contained within gas hydrate deposits at least 2–10 times larger than 

the global estimates of conventional natural gas of 4.4x 1014 standard m3. Therefore, 

recently, many field-scale pilot projects have been conducting especially in Japan, 

USA, India, China, Canada, and Korea (Collett et al., 2015).  
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Figure 1-1: The distribution of gas hydrates in the world (Koh et al., 2012) 

 

 

 

Figure 1-2: Timeline chart of gas hydrate field projects in the world (Collett et al., 

2015) 
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Figure 1-2 briefly summarizes the timeline charts for the main gas hydrate projects 

in the world. Recently, seismic surveys have been conducting in Turkish part of the 

Black Sea for gas hydrate exploration (Max and Johnson, 2016). As seen in Figure 

1-3, Turkey’s natural gas production from conventional gas reservoirs has declined 

sharply. Turkey’s natural gas consumption is approximately 49.8 standard billion 

cubic meters (Bcm) per year (TPAO, 2015). However, domestic natural gas 

production supplies only approximately 1 % of this amount of gas consumption and 

rest 99 % of natural gas (Figure 1-4) is imported from Iran, Russia, Nigeria, etc. 

Potential gas hydrates in the Black Sea might decrease Turkey’s natural gas import 

(Ocakoğlu, 2009). 

 

Figure 1-3: Natural gas production of Turkey between 1975 and 2014 (Özgür, 2016) 

 

 
Figure 1-4: Turkey’s natural gas supply and its domestic production rates between 

2004 and 2014 (Adapted from TPAO, 2015) 
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The Black Sea might have a huge potential of gas hydrates (Vassilev, 2006; Johnson 

and Max, 2015). Hutta (2012) proposed that the Black Sea might be next the North 

Sea and emphasized the energy potential of the Black Sea, especially its gas hydrate 

potential but according to him, the Black Sea is still widely unexplored. As seen from 

Figure 1-5, Turkey, Bulgaria, Romania, Ukraine, Russia and Georgia have borders to 

the Black Sea but Turkey’s border occupy large portion of the Black Sea. According 

to the gas in place calculations of Klauda and Sandler (2003), the greatest amount of 

methane hydrate could exist in the southern Black Sea bordering Turkey. Moreover, 

bottom simulation reflectance (BSR) lines were detected with a total of 2500 km 

multichannel seismic, chirp sub-bottom profiler and multi-beam bathymetry data 

during three different expeditions in 2010 and 2012 along the southwestern margin 

of the Black Sea (Küçük et al., 2013; Küçük et al., 2015; Küçük et al., 2015b). BSRs 

are important indicators of gas hydrates (Popescu et al., 2006; Majumdar, 2015; 

Paganoni et al., 2016). 

 

 

Figure 1-5: Black Sea relief location map with exclusive economic zones 

(Wikipedia, 2016) 

 

Huge potential of gas hydrates in the Black Sea should be evaluated effectively to 

decrease Turkey’s high amount of natural gas import. Although there are many 

studies and field projects in many countries such as Japan, Canada, USA, China, 
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Germany, Korea and India, there are only a few basic laboratory studies (e.g. 

SEISLAB) related to gas hydrates in Turkey. Seismic studies in the Black Sea 

targeting the Black Sea gas hydrates have still been conducting in the southwestern 

region of the Black Sea (Max and Johnson, 2016). As well as geophysical studies in 

the Black Sea, potential Black Sea gas hydrates should be evaluated from the view of 

petroleum and natural gas engineering, chemical engineering, geological 

engineering, environmental engineering and civil engineering. 

 

In the experimental study of Bülbül et al. (2014), gas hydrate as bulk was formed 

inside 600 cm3 high pressure cell by using methane (CH4)-hydrogen sulfide (H2S) 

mixtures at different concentrations. This study was important to understand the 

effect of H2S on the Black Sea gas hydrates because H2S is common gas component 

in the Black Sea. It was observed that H2S eases hydrate formation (Bülbül et al., 

2014). Ors (2012) conducted CO2-CH4 swapping experiments within CH4 hydrate 

formed in sediments inside 600 cm3 high pressure cell at 4oC. Similarly, Abbasov 

(2014) conducted CO2-CH4 swapping experiments within 94 % CH4, 2 % CO2, 3 % 

C3H8 hydrate formed in sediments inside 600 cm3 high pressure cell at 4oC. However, 

although it was claimed that these experiments (Ors, 2012; Abbasov, 2014) were 

conducted in the Black Sea conditions, they do not reflect the actual Black Sea 

conditions because the average temperature on the seafloor of the Black Sea is 

approximately 9 oC (Vassilev, 2006). Therefore, before conducting any experiments 

related to gas hydrates and gas production such as depressurization, thermal injection, 

chemical injection or CO2-CH4 swapping, detailed literature survey and analysis are 

necessary for the Black Sea conditions. 

 

As a result, this study focuses on the following topics: 

i. Analysis of the Black Sea conditions and potential gas hydrate properties in the 

Black Sea 

ii. The selection of production method(s) for the Black Sea gas hydrates 

iii. High pressure reactor and experimental set-up design for the gas production from 

the Black Sea gas hydrates 
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iv. Gas production modelling studies from the Black Sea gas hydrates at laboratory 

scale and reservoir scale (for Class 1 hydrate, Class 3 hydrate, hydrate deposited in 

turbidites and gas hydrate sections in the Danube fan) by using HydrateResSim 

numerical simulator 

v. HEP.m code to predict gas hydrate properties 

vi. HEPComp.m code to predict gas compositional change during gas hydrate 

formation 

vii. SM.m and SMmix.m codes to calculate the amount of gas and water needed to 

reach target saturations for pure CH4 hydrate and mixed gas hydrates, respectively in 

the high pressure reactor (METU reactor) 

viii. BSR.m code to predict gas composition at BSR lines 

ix. Characterization of the Black Sea gas hydrates and its sediments 

 

The research results of this PhD thesis are organized in the following chapters: 

 

Chapter 2 is a review of the literature survey on gas hydrates, their chemistry, origin 

of gas hydrates in nature, types of gas hydrate reservoirs, types of gas production 

methods from hydrates and hydrate field projects in the world. 

Chapter 3 summarizes general information about the Black Sea, evidences showing 

gas hydrate existence in the Black Sea and properties of the potential Black Sea gas 

hydrates. 

Chapter 4 gives the equations and methods for gas hydrate equilibrium conditions 

and hydrate properties such as hydration number, hydrate molecular weight, hydrate 

density, hydrate dissociation enthalpy, geomechanical properties, thermal properties 

and flash calculations. 

Chapter 5 presents the basis of gas production modelling from gas hydrates in 

reservoir scale and laboratory scale, the main mass and heat balance equations of 

HydrateResSim numerical simulator, permeability and relative permeability in gas 

hydrates, and capillary pressure in gas hydrates. 
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Chapter 6 presents an explicit statement of the problem. 

Chapter 7 presents the results and discussions of CH4 in-place calculations in the 

Black Sea gas hydrates, the selection of gas production method(s) from gas hydrates 

in the Black Sea conditions, the experimental set-up design for gas production from 

the Black Sea gas hydrates, reservoir and laboratory scale simulations in the Black 

Sea conditions and the verification of HEP.m, HEPComp.m, SM.m, SMmix.m and 

BSR.m codes.  Finally, in the end of Chapter 7, the core data, grain size data, mineral 

content data, pore geochemistry data of 6 holes drilled in the Black Sea in 1975 with 

DSDP Leg 42B drilling program were evaluated to characterize the Black Sea 

sediments and gas hydrates. 

Chapter 8 presents the conclusion of this thesis. 

Chapter 9 presents the recommendations for future studies. 

The results of this PhD thesis were also reported in the following articles and 

conference papers: 

1) Merey, S, Sinayuc, C. (2016). Investigation of Gas Hydrate Potential of the 

Black Sea and Modelling of Gas Production from a Hypothetical Class 1 

Methane Hydrate Reservoir in the Black Sea Conditions, Journal of Natural 

Gas Science and Engineering 29 (2016) 66-79.  

2) Merey, S., Sinayuc, C. (2016). New Software That Predicts Hydrate 

Properties and Its Use in Gas Hydrate Studies. Journal of Chemical & 

Engineering Data, 61 (5), 1930–1951.  

3) Merey, S., Sinayuc, C. (2016), Experimental set-up design for gas production 

from the Black Sea gas hydrate reservoirs, Journal of Natural Gas Science and 

Engineering, 33 (2016) 162-185.  

4) Merey, S., Sinayuc, C. (2016). Analysis of the Black Sea Gas Hydrates. World 

Academy of Science, Engineering and Technology, International Science 

Index 116, International Journal of Chemical, Molecular, Nuclear, Materials 

and Metallurgical Engineering, 10(8), 886 - 894. 
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5) Merey, S., Sinayuc, C. (2016). Analysis of the Black Sea sediments by 

evaluating DSDP Leg 42B drilling data for gas hydrate potential. Marine and 

Petroleum Geology, 78: 151–167. 

6) Merey, S., Sinayuc, C. (2015). Simulation of Gas Production from Hydrate 

Reservoirs by using HydrateResSim Numerical Simulator. 20th International 

Petroleum and Natural Gas Congress and Exhibition, May 29, 2015, Ankara, 

Turkey. 

7) Merey, S., Sinayuc, C. (2015). Investigation of Gas Hydrate Potential and 

Modelling of Gas Production from Hydrate Reservoirs in the Black Sea. The 

65th Canadian Chemical Engineering Conference, October 4-7, 2015, 

Calgary, Canada. 

8) Merey, S., Oney, M., Sinayuc, C. (2016). Characterization of the Potential 

Black Sea Gas Hydrates. Turkish Marine Sciences Conference, May 31-June 

3, 2016, Ankara, Turkey. 
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CHAPTER 2  

 

 

GAS HYDRATES 

 

 

 

Gas hydrates are ice-like crystalline structures formed by water and gas molecules at 

high pressure and low temperature conditions.  They are defined as nonstoichiometric 

compounds, which means that the ratio of the atoms present in the composition is not 

a simple integer (Carroll, 2009). The chemical formula of a gas hydrate compound is 

shown in Equation (2-1). Hydration number (Nh) determines the chemical formula. 

Nh changes according to the type of gas, pressure, temperature, salinity, and pH 

(Klapp, 2009; Hesse and Schacht, 2011; Ye and Liu, 2013). 

 

𝐺𝑎𝑠 + 𝑁ℎ ∙ 𝐻2𝑂 → 𝐺𝑎𝑠 ∙ 𝑁ℎ ∙ 𝐻2𝑂 (2-1) 

 

Hydrogen bonding and Van der Waals forces are the causes of gas hydrate formation. 

Water molecules consist of one oxygen and two hydrogen atoms. Hydrogen atoms 

connect to oxygen with covalent bonds. However, there are unbounded electrons: 

mainly negative charges on oxygen and positive charges on hydrogen atoms. Due to 

the electrostatic attraction between the positive charges of hydrogen atoms and the 

negative charges of oxygen atoms of different water molecules, hydrogen bonding 

forms between water molecules. Covalent bond is 10 to 20 times stronger than 

hydrogen bonding. When water and hydrate forming gases or liquid components are 

together at high pressure and low temperature conditions, water molecules form a 

cage like structure around gas molecules. This is because of 105o angle between 

oxygen and hydrogen atoms. Water molecules trapping gas molecules inside the 

cages are called “host” molecules and gas molecules are defined as “guest” molecules 

(Carroll, 2009; Zou, 2013; Rajput and Thakur, 2016). Although there are Van der 

Waals forces between non-polar molecules in a gas hydrate structure, these forces are 

relatively weak compared to hydrogen bonding. For example, in order to break 

hydrogen bond, approximately, 5 kcal/mole energy is necessary while only 0.3 
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kcal/mole energy is essential to break Van der Waals forces. However, the covalent 

bond between hydrogen and oxygen atoms in water is the strongest bond among these 

three bonds (102 kcal/mole bond breaking energy) (Sloan and Koh, 2008; Carroll, 

2009). Therefore, during the dissociation of gas hydrates, Van der Waals forces 

between non-polar molecules and hydrogen bonds between different water molecules 

are broken (Sloan and Koh, 2008; Zou, 2013). Generally, hydrate formation is 

considered as a “highly reversible chemical reaction” (Hesse and Schacht, 2011; 

Johnson and Max, 2015; Max and Johnson, 2016). 

 

2.1 Structural Characteristics of Gas Hydrates  

 

 

Figure 2-1: Comparison of guest molecule sizes and cavities occupied as simple 

hydrates (Giavarini and Hester, 2011) 

It is known that approximately 130 compounds form hydrates (sI, sII, or sH) with 

water (Sloan and Koh, 2008). Hydrocarbon molecules such as methane (CH4), ethane 

(C2H6), propane (C3H8) and i-butane (i-C4H10) form their own hydrate (simple or pure 
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hydrate) at high pressure and low temperature conditions when there is enough water 

in the system. Similarly, carbon dioxide (CO2), hydrogen sulfide (H2S), nitrogen (N2), 

oxygen (O2) and other gases form hydrates at their hydrate equilibrium conditions 

(Giavarini and Hester, 2011). As seen in Figure 2-1, different components form 

different types of hydrate structures depending on their molecular sizes.  

 

Table 2-1: Geometry of cages of hydrates (Sloan and Koh, 2008) 

Crystal structure 

of gas hydrate 
sI sII sH 

Cavity Small Big Small Big Small Medium Big 

Description 
512 51262 512 51264 512 435663 51268 

Number of 

cavities/unit cell 
2 6 16 8 3 2 1 

Average cavity 

radius, (Å) 
3.95 4.33 3.91 4.73 3.94 4.04 5.79 

Variation in 

radius, % 
3.4 14.4 5.5 1.73 4.0 8.5 15.1 

Number of water 

molecules/cavity 
20 24 20 28 20 20 36 

 

There are mainly three types of hydrate structures in nature: Structure I (sI), Structure 

II (sII) and Structure H (sH) (Sloan, 1998). Figure 2-2 illustrates the shapes of these 

hydrate structures and the information about their geometry is listed in Table 2-1. 

Each hydrate structure is composed of different types of cages. These cages are 

pentagonal dodecahedron (512), tetrakaidecahedron (51262), hexakaidecahedron 

(51264), irregular dodecahedron (435663) and icosahedron (51268). For example, 

pentagonal dodecahedron (nm=512) is formed from 12 (m=12) pentagonal (n=5) faces. 

Hence, n and m numbers are used to define the shape of different cages of hydrates. 

As seen in Table 2-1, one sI hydrate structure consists of 2 pentagonal dodecahedron 

cages (small cages: 512) and 6 tetrakaidecahedron cages (large cages: 51262). sII 

hydrate structure is larger than sI hydrate structure and they are composed of 16 small 

cages (512) and 8 large cages (hexakaidecahedron: 51264). Finally, sH hydrate consists 

of 3 small (512), 2 medium (435663) and 1 large cages (51268) (Sloan, 2003; Zou, 2013). 

Approximately 46, 136 and 34 water (H2O) molecules are essential for sI, sII and sH 

hydrates respectively (see Figure 2-2). 
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Figure 2-2: Three types of gas hydrate structure and their component cavities (Hester 

and Brewer, 2009) 

 

 

 

Figure 2-3: Three structures of gas hydrates: (a) sI, (b) sII, and (c) sH   (Zheng et al., 

2015) 
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Figure 2-3 is very useful to visualize gas hydrate structures (sI, sII and sH) and their 

geometry. 512, 51262, 51264, 435663, 51268 cages are represented as purple, green, pink, 

red, and yellow respectively. 

 

Simple (or pure) gas hydrates are defined as gas hydrates formed with only one type 

of gas. Hence, depending on the molecular diameter of gas, different types of gas 

hydrates form at high pressure and low temperature and these formed hydrate 

structure changes with the type of gas. Figure 2-1 shows that simple hydrates of CH4, 

C2H6, CO2, H2S, and Xe are sI type of gas hydrate. Moreover, C3H8, i-C4H10, N2 and 

O2 form sII type of gas hydrate.  Different from sI and sII hydrates, for the formation 

of sH hydrates, one help gas such as CH4 and other large molecules with diameters 

greater than those of isobutane (i-C4), such as i-C5 are necessary. sI and sII hydrates 

are common in all over the world but sH hydrates are rare and they were only found 

in a few areas such as the Gulf of Mexico, the Cascadia margin and the Caspian Sea 

(Hester and Brewer, 2009).  

 

In order to understand the reason of the different types of gas hydrate structures with 

different gas molecules, Table 2-2 is commonly used. This table shows the values of 

the molecular diameters ratio to the cavity diameters of some gases. For instance, 

these ratios for CH4 in sI hydrate are 0.744 for small cages and 0.855 for large cages. 

For CH4 in sII hydrate, the ratios are 0.868 for small cages and 0.655 for large cages. 

In sI hydrate, CH4 molecules fill large cages much compared to CH4 in sII hydrates. 

Therefore, CH4 molecules form sI hydrate when low temperature and high pressure 

conditions are satisfied. Differently, C3H8 molecules form sII hydrate because these 

molecules are quite large to fit to the cages of sI hydrate. As seen in Table 2-2, C3H8 

molecules only fit into the large cages of sII hydrate. In simple hydrate of C3H8, 16 

small cages of sII hydrate structure stay empty. Because of empty cages, C3H8 hydrate 

is not stable at high temperature conditions. The hydrate equilibrium curves of C3H8 

and other gases are in Figure 2-4. When pressure and temperature values cross above 

the equilibrium lines, hydrate forms and in the reverse case, hydrates of those gases 

cannot form. Hence, for the formation of pure C3H8 hydrate, high pressure values are 

needed after approximately 278 K (4.85 oC). This is related to unstable hydrate of 



14 

 

C3H8 due to empty cages. Furthermore, according to Sloan and Koh (2008), if gas 

molecules fill the cages of hydrate as much as possible, hydrate will be much more 

stable. Therefore, at least 0.76 ratio of cavity filling is a need for stable gas hydrates 

(Sloan and Koh, 2008). Large molecules such as C3H8 cannot enter into the small 

cages of sI and sII hydrates. However, the cavity ratio of CO2 for the small cages of 

sI hydrate is equal to 1.00 or it might be little more at different hydrate formation 

conditions. Hence, if CO2 gas molecules enter into the small cages of sI and sII 

hydrates, this may cause the distortion of these cages (Donohoue and College, 2000). 

In order to understand the behavior of gas molecules in the cavities of simple hydrates 

and hydrates of gas mixtures, Table 2-2 is quite beneficial. 

 

Although in nature, CH4 hydrates are common in both permafrost and ocean (~99 %) 

of known gas hydrate reservoirs (Sloan and Koh, 2008; Max and Johnson, 2016), 

there are also sII gas hydrates formed by natural gas including CH4, C2H6, C3H8 and 

other impurities (Rogers, 2015). Even the addition of 1 % C3H8 into CH4 gas 

molecules causes the formation of sII hydrates at the hydrate equilibrium conditions 

(Zanjani et al., 2011; Rogers, 2015). Moreover, during the transportation of natural 

gas and its impurities with pipelines, there is a risk of mixed gas hydrate formation 

in winter seasons. Hence, the investigation of mixed gas hydrates is important. 

Abbasov (2014) and Küçük et al. (2015) conducted the experiments with the gas 

mixture composed of 95 % CH4, 3 % C3H8, and 2 % CO2 in the sediments. During 

the hydrate formation, the composition of C3H8 in free gas decreased while the 

percentage of CH4 increased. In these experiments, sII hydrate formed in the high 

pressure cell due to C3H8 concentration. Mostly large cages of sII hydrate were filled 

by C3H8 gas molecules. Small cages and some of large cages were filled by CH4 and 

CO2 molecules. Contrary to the simple hydrate of C3H8, the small cages of mixed sII 

hydrate were filled. Therefore, the formed hydrate was very stable. Similar 

observations for mixed hydrates were obtained in the studies of Schicks (2010) and 

Schicks and Luzi-Helbing (2013). 
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Table 2-2: Ratio of molecular diameters to cavity diameters for gas hydrate formers 

and a few others (Sloan and Koh, 2008) 

 

Guest hydrate former 

Molecular diameter/cavity diameter for cavity type 

Structure I Structure II 

Molecule Diameter (Å) 512 51262 512 51264 

He 2.28 0.447 0.389 0.454*β 0.32*β 

H2 2.72 0.533 0.464 0.542*β 0.408*β 

Ne 2.97 0.582 0.507 0.592*β 0.446*β 

Ar 3.8 0.745 0.648 0.757* 0.571* 

Kr 4.0 0.784 0.683 0.797* 0.601* 

N2 4.1 0.804 0.700 0.817* 0.616* 

O2 4.2 0.824 0.717 0.837* 0.631* 

CH4 4.36 0.855* 0.744* 0.868 0.655 

Xe 4.58 0.898* 0.782* 0.912 0.687 

H2S 4.58 0.898* 0.782* 0.912 0.687 

CO2 5.12 1.00* 0.834* 1.02 0.769 

C2H6 5.5 1.08 0.939* 1.10 0.826 

c-C3H6 5.8 1.14 0.990 1.16 0.871* 

(CH2)3O 6.1 1.20 1.04* 1.22 0.916* 

C3H8 6.28 1.23 1.07 1.25 0.943* 

i-C4H10 6.5 1.27 1.11 1.29 0.976* 

n-C4H10 7.1 1.39 1.21 1.41 1.07 

* shows the cavity occupied by the simple hydrate former 

β shows that the simple hydrate is only formed at very high pressure 
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Figure 2-4: Hydrate equilibrium curve of some simple gas hydrates (Q1: lower 

quadruple point; Q2: upper quadruple point) (Sloan, 1998) 

 

2.2 The Potential of Gas Hydrates in Nature 

 

Scientists and engineers make studies about gas hydrates for different purposes. 

These purposes are mainly as: 

 Future potential energy sources in permafrost regions and ocean sediments 

(Kvenvolden, 2002; Koh et al., 2012; Chong et al., 2015) 

 Storage and transportation of natural gas as gas hydrates (Gudmundsson et 

al., 1995; Hao et al., 2008) 

 Gas separation by the formation of gas hydrate (i.e. CH4 purification) (Zanjani 

et al., 2011; Eslamimanesh et al., 2012) 

 Water desalination of seawater with the formation of gas hydrate (Max et al., 

2006; Sangwai et al., 2013) 
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 Inhibition of gas hydrate during natural gas transportation with pipelines 

(Hammerschmidt, 1934; Wu et al., 2007; Li et al., 2013)) 

 Food industry for juice concentration and sugar separation from sugar beet 

(Li et al., 2016; Kungrani et al., 2016) 

 

The main purpose of this study is to investigate gas hydrate reservoirs in nature 

especially in the Black Sea as an energy source. Gas hydrate reservoirs are considered 

as future energy sources because it is found abundantly in both permafrost regions 

and marine sediments (Abid et al., 2015). With this huge potential of gas hydrates, 

many scientists focused on the determination of initial gas-in-place in gas hydrate 

reserves in the world. Figure 2-5 indicates gas hydrate reserve calculations done by 

different scientists from 1973 to 2014. In these estimations, mainly gas hydrate 

stability zone (GHSZ) thicknesses were calculated by using sea depth, thermal 

gradients, pressure gradient, and salinity. Then, CH4 in place calculations in CH4 

hydrates were done for different ranges of average gas hydrate saturation (Max et al., 

2013).   

 

Figure 2-5: Resource estimation of hydrates (a) Trofimuk et al., (b) Dobrynin et al. 

(c) Kvenvolden, (d) MacDonald, (e) Gronitz and Fung, (f) Kvenvolden, (g) Milkov, 

(h) Klauda and Sandler, (i) Archer et al., (j) Boswell and Collett , (k) Johnson  

(Adapted from Chong et al., 2015) 
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According the studies between 1973 and 1984, there is around 106 standard trillion 

cubic meters (tcm) of gas (CH4) in gas hydrates. However, in these studies, it was 

assumed that all potential hydrate zones were fully saturated with CH4 and hydrate 

formation limiting factors (e.g. sulphur reduction) were not considered. Moreover, in 

some of these studies, gas hydrate potentials in arctic sands, arctic sands away from 

infrastructure, marine sands, other marine deposits, massive mounds, and dispersed 

in shale or filling veins and fractures were calculated. Even though these calculations 

are important in terms of environmental studies, they are not good references for 

energy resource studies. This is because only gas hydrates in arctic sands, arctic sands 

away from infrastructure and marine sands are considered as energy sources (Boswell 

and Collett, 2006; Boswell and Collet, 2011; Johnson, 2011: Max et al., 2013; 

Johnson and Max, 2015; Kumar et al., 2016). Recent gas hydrate resource estimation 

studies were conducted by considering the limiting factors for hydrate formation 

obtained during the field trials. According to recent studies (Figure 2-5), technically 

recoverable gas hydrate resource amount in the world is around 3000 tcm. 

 

Johnson (2011) estimated gas in place in gas hydrates deposited in coarse sands. 

Table 2-3 lists a huge range of gas hydrate resource between 133 tcm and 8891 tcm. 

It can be concluded that even the most conservative estimates of the total quantity of 

gas in gas hydrates are much larger than the conventional gas resources (404 tcm) 

and shale gas (204 tcm–456 tcm) (Chong et al., 2015). The magnitude of this resource 

can make hydrate reservoirs a substantial future energy resource. 
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Table 2-3: Gas in Place in Hydrate-Bearing Sands (Adapted from Johnson, 2011) 

 

Region (United Nations 

Designation) 

Gas in Place Range 

(tcm) 

Gas in Place Median 

(tcm) 

USA 43-437 199 

Canada 15-254 63 

Western Europe 1-421 40 

Central and Eastern Europe 0-3 0 

Former Soviet Union 43-290 108 

North Africa 0-52 6 

Eastern Africa 1-728 52 

Western and Central Africa 2-747 90 

Southern Africa 3-747 89 

Middle East 1-109 16 

China 0-51 5 

Other East Asia 0-77 11 

India 1-178 26 

Other South Asia 1-99 16 

Japan 2-13 6 

Oceania 1-191 23 

Other Pacific Asia 2-735 47 

Latin America and the 

Caribbean 
7-901 140 

Southern Ocean 4-1280 102 

Arctic Ocean 5-1572 187 

Total 133-8891 1226 
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2.3 The Origin of Gas Hydrates in Nature 

 

Gas hydrates in nature are found in permafrost and ocean sediments. Permafrost is 

defined as “frozen soil”. In these formations, temperature is mostly near or below 0 

oC. Hence, these low temperature conditions are optimum for the formation of gas 

hydrates when high pressure conditions exist. Gas hydrates in permafrosts are 

common especially on the continental shelves of Alaska, Canada, and Russia (Max 

et al., 2006; Maslin et al., 2010; Rajput and Thakur, 2016). However, gas hydrates in 

ocean sediments are much more common compared to gas hydrates in permafrost. 

Max (2003) and Max and Johnson (2016) proposed that at least 95 % of gas hydrates 

in nature is in ocean sediments and the rest is found in permafrost.  

 

Figure 2-6: Gas hydrate stability conditions for a) marine hydrates b) permafrost 

hydrates (Orange curve: hydrate equilibrium curve, Blue curve: thermal gradient 

curve) (Beaudoin et al., 2014) 

 

High pressure, low temperature, hydrate-forming gas (guest molecules) and water 

(host molecules) are the required factors for the formation of gas hydrate. As seen in 

Figure 2-6, both for marine (ocean) sediments and permafrost, the required conditions 
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are satisfied below certain depths. If geothermal line (thermal gradient line) is above 

the phase boundary line, gas hydrate cannot form. Another important point is about 

the origin of gas to form hydrate. Firstly, it is known that approximately 99 % of gas 

hydrates in nature is methane (CH4) hydrate (sI type of hydrate) (Kvenvolden, 1995; 

Ruppel, 2011; Max et al., 2013).  Conventional oil and gas resources are found in the 

deeper part of the earth. However, gas hydrates are mostly found in the shallower part 

of ocean sediments and permafrost regions. For example, in ocean sediments, CH4 

hydrates can be found between 500 m and 3000 m depending on hydrate formation 

conditions. However, the possibility of CH4 hydrate in deeper sediments is very low 

because in deeper parts, temperature is high due to geothermal gradient so very high 

pressure values are essential for hydrate formation (Johnson and Max, 2015). 

According to Max and Johnson (2016), target gas hydrate reservoirs for gas 

production are found between sea floor and 1 km underneath sea floor. 

 

The origin of CH4 source for CH4 hydrates is mainly biogenic (Hester and Brewer, 

2009). The biogenic CH4 forms during diagenesis stage in the evolution of organic 

materials in sediments. These organic materials may include every organism from 

zooplankton to whales. Then, as seen in Figure 2-7 with the burial of organic 

materials, oxygen concentration decreases. During the oxidation processes, H2O, 

CO2, SO4 and NH3 are produced. Then, in anoxic environment, nitrate and sulphate 

reductions occur. Finally, the last stage of fermentation starts where the methanogens 

produce CH4 by acetate fermentation and CO2 reduction (Equation (2-2) and 

Equation (2-3) respectively). The generated CH4 at diagenesis stage is immature and 

biogenic gas (Hunt, 1995; Giavarini and Hester, 2011; Ma and Holditch, 2016). Then, 

when generated CH4 has low temperature and high pressure conditions in the pores 

of the sediments filled with water, biogenic origin CH4 hydrate (sI hydrate) forms. 

 

Fermentation of Acetate:  𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2 (2-2) 

CO2 Reduction:       𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (2-3) 
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Figure 2-7: Fate of buried organic matter for biogenic and thermogenic gas hydrates 

(Beaudoin et al., 2014) 

 

Gas hydrate formed by thermogenic natural gases are defined as “thermogenic” 

hydrates. As seen in Figure 2-7, the origin of these thermogenic gases is similar to 

the origin of conventional oil and gas reservoirs. Gas and/or oil formed at catagenesis 

and metagenesis stages in source rocks migrate to these conventional oil and gas 

reservoirs with different mechanism such as diffusion, aqueous solution, micellar 

solution, separate phase, buoyancy effect, capillary pressure and water flow (Hunt, 

1995; Rajput and Thakur, 2016). Similarly, for thermogenic gases formed in the 

source rock at high temperature conditions migrate with faults and permeable rock 

through the shallower parts of marine sediments and thermogenic gas hydrate forms 

when hydrate equilibrium conditions exist. Thermogenic gas hydrates include mostly 

CH4, C2H6, C3H8, n-C4H10, i-C4H10, CO2, H2S and other impurities (Rogers, 2015; 

Ma and Holditch, 2016; Max and Johnson, 2016). If the concentration of C3H8 is 

approximately 1 % in gas mixture, the type of thermogenic gas hydrate is structure II 

(sII) and they form at lower pressure than CH4 hydrate at same temperature (Abbasov, 

2014; Rogers, 2015; Abbasov et al., 2016). Although thermogenic gas hydrates are 

not common compared to biogenic CH4 hydrates, they have been found in several 

places worldwide, including the Gulf of Mexico, the Caspian Sea, the Black Sea, the 
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Sea of Japan and the Marmara Sea (Hester and Brewer, 2009: Bourry et al., 2009). 

Thermogenic gas hydrates are generally found in deeper ocean sediments because 

their hydrates are much more stable than biogenic CH4 hydrates (Hester and Brewer, 

2009). 

 

When source gas is released during biogenic or thermogenic stages, especially in 

marine sediments, gas is dissolved in water due to hydrostatic pressure. Gas dissolved 

in water reaches to gas or methane hydrate stability zone (GHSZ or MHZ) by 

convection or advection and gas hydrate forms in these zones if pressure and 

temperature conditions are appropriate. Therefore, with hydrate formation, dissolved 

gas percentage in water decreases. As well as gas hydrate formation from gas 

dissolved in water; hydrates in nature might form from free gas source. When free 

gas reaches to GHSZ or MHZ where there are water molecules in pores and/or grains 

by convection, gas hydrate forms at low temperature and high pressure conditions. 

Compared to gas dissolved in water, in this case, large amount of gas hydrate forms 

and it causes sudden increases in salt concentration of pore water; this increase is very 

low for gas hydrates formation from gas dissolved in seawater. However, even there 

is a large increase in salinity after hydrate formation, with time, salinity decreases 

due to diffusion (Tohidi et al., 1997; Ginsburg, 1998; Schicks, 2010; Chong et al., 

2015; Heeschen et al., 2016). Even though gas hydrate experiments with gas invasion 

is common, there are only a few experimental studies with gas hydrates formed in 

sediments from gas dissolved in water (Priegnitz et al., 2013; Priegnitz et al., 2015; 

Heeschen et al., 2016). Figure 2-8 is quite helpful to understand the movement of 

source gas dissolved in brine through hydrate reservoirs in permafrost (Figure 2-8-A: 

Mallik Field, Canada) and marine sediments (Figure 2-8-B: Ulleung Basin, Korea). 

As seen in this figure, CH4 solubility in brine increases with depth so generally 

highest hydrate formation rates and hydrate saturations are observed in the bottom of 

MHZ (Spangenberg et al., 2015). In Figure 2-8-A, if gas dissolved in brine moves 

through MHZ as liquid along the black dotted line at 0.098 mol/kg solubility and the 

green dotted line at 0.0114 mol/kg solubility, gas hydrate in MHZ is formed by gas 

dissolved in water (liquid phase). However, along the dotted black line at 0.0118 

mol/kg solubility, the phase of gas dissolved in brine changes from liquid to liquid + 
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gas phase above 1900 m. Then, it (liquid+gas phase) moves along the dotted-dashed 

black line in free gas zone (FGZ) until it enters into the base of MHZ (BGHS). Hence, 

in MHZ, gas hydrate forms from liquid + free gas for this case. Similar observations 

can be carried out for Figure 2-8-B in Ulleung Basin of Korea. Figure 2-8-B shows 

high variation in CH4 solubility curve because in this region, thermal gradient is 

higher. These solubility curves are quite important to understand the morphology of 

gas hydrates in sediments. Therefore, before conducting any gas hydrate experiments, 

the morphology of gas hydrate reservoir should be known and gas hydrate in 

sediments in the experimental conditions should be formed according to actual 

reservoir conditions to mimic real conditions (Spangenberg et al., 2015). It is 

considered that gas hydrates in marine sediments are likely to be formed from gas 

dissolved in water but gas hydrates in permafrost are likely to be formed from free 

gas (Collett et al., 2009; Schindler et al., 2015). Generally, pore-filling gas hydrates 

occur from gas dissolved in water whereas grain-cementing gas hydrates form from 

free gas (Schindler et al., 2015). 

 

Figure 2-8: Solubility of CH4 in brine for (A) the Mallik test site (permafrost) and 

(B) the Ulleung Basin (marine field) (w: water, h: hydrate, g: gas) (Spangenberg et 

al., 2015) 
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2.4 The Types of Gas Hydrate Reservoirs 

 

Even though gas hydrate reservoirs are considered as potential energy sources for 

future, currently there is no commercial gas production method. Conventional gas 

and oil production techniques cannot be directly applied to gas hydrate reservoirs 

because gas hydrate is in solid form at reservoir conditions. Before discussing 

production methods in gas hydrate reservoirs, it is important to understand the 

reservoir types of gas hydrates in nature. Depending on the types of gas hydrate 

reservoirs, different production scenarios can be developed by using experimental 

studies, numerical studies and field pilot gas production applications. Gas hydrate 

reservoirs are mainly divided into four classes. As shown in Figure 2-9, Class 1 

hydrate consists of stable hydrate layer and an underlying free gas zone. Class 2 

hydrate is composed of stable hydrate layer and an underlying free water zone. Class 

3 hydrate only consists of stable hydrate layer bounded by permeable or impermeable 

shale or clay zones. Although there is another Class 4 hydrates, they are only 

distributed in sea floor with low hydrate saturation and there are no geologic strata 

around Class 4 hydrates. Hence, they are not considered as target gas hydrate 

reservoirs for gas production (Worthington, 2010; Kurihara, 2011; Moridis et al., 

2013; Chong et al., 2015). Even though there are many uncertainties related to these 

reservoirs, Class 4 hydrate is the most common hydrate in nature and then Class 1 

hydrates are second  most common hydrate reservoir (Worthington, 2010). 

 

Figure 2-9: Types of Gas Hydrate Reservoirs in Nature 
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2.5 The Gas Production Methods from Gas Hydrate Reservoirs 

 

Currently, there are mainly four gas production methods from gas hydrate reservoirs 

(Kurihara, 2011; Xu and Li, 2015): 

 Depressurization 

 Thermal Stimulation 

 Chemical Injection 

 CO2 Injection or CO2/N2 Injection 

 

Figure 2-10: Illustration of hydrate dissociation by depressurization, thermal 

stimulation and chemical injection with HEP.m  

 

2.5.1 Depressurization 

 

Depressurization is presumed to be the most economically viable production method 

for gas hydrates because there is no extra heat introduced into the system. This 

method is applied by decreasing reservoir pressure below hydrate equilibrium 

pressure, causing hydrate to decompose and release gas and water that will migrate 

towards wellbore. Although there is no additional heat input cost of depressurization 
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method, its disadvantages are low gas production rates, high amounts of water 

production, the risk of hydrate reformation due to fast depressurization, and risk of 

geomechanical failures (Konno et al., 2010; Chong et al., 2015; Xu and Li, 2015; 

Huang et al., 2016). Figure 2-10 was prepared to illustrate hydrate dissociation by 

depressurization, thermal stimulation and chemical injection. This figure was drawn 

for illustration purposes in this study. During gas production with depressurization 

method, the temperature of hydrate reservoir is expected to decrease due to Joule-

Thomson cooling and endothermic hydrate dissociation (Zhou, 2009; Moridis et al., 

2013). For example, during depressurization from 8 MPa to 2 MPa in Figure 2-10, 

the temperature of hydrate reservoir decreases from 8 oC to 2 oC because hydrate 

dissociation is endothermic and fast depressurization can cause temperature decrease 

because of Joule-Thomson cooling effect. 

 

With the decrease of depressurization pressure, gas production rate and cumulative 

gas production increase (Li et al., 2011; Xiong et al., 2012; Zhao et al., 2015). 

However, during gas production with depressurization method, there is a risk of 

hydrate reformation and ice formation in the wellbore and/or in the sediments (Seo 

and Myshakin, 2011; Zhao et al., 2015). Ice formation and hydrate reformation can 

plug pores and stop gas production (Seol and Myshakin, 2011). To understand the 

effects of all these factors on gas production, recently, many laboratory and modelling 

studies have been conducted. Even though laboratory and modelling studies cannot 

describe the conditions in real hydrate reservoirs completely, they are useful tools to 

understand the effects of many parameters on hydrate formation and dissociation. 

Cheng et al. (2015) conducted the depressurization production experiments after 

forming hydrate in sediments inside a 5 L high pressure reactor. It was observed that 

during the production with depressurization method, the sensible heat of sediments 

was consumed. After a certain time, this caused ice formation in the sediments. The 

latent heat released with ice formation provided additional heat into the system and 

increased temperature and then gas production. Even there is no ice or hydrate 

reformation, temperature decrease during production slows the dissociation of gas 

hydrate (Konno et al., 2014). Similar to Cheng et al. (2015)’s study, the latent heat 

released with ice formation increased gas production from hydrate sediments in the 
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HIGUMA reactor (1710 L) in the study of Konno et al. (2014). They observed that 

ice formation had a positive impact on gas production and the blockings of pores by 

ice were not observed in their study. Differently, Konno et al. (2012)’s laboratory 

scale-numerical study and experimental study, pore plugging and permeability 

reduction by ice formation were found but still gas production rate with ice formation 

was larger than that without ice. According to these results, ice formation might be 

considered as advantageous for gas production. Similar positive effects of ice 

formation in gas production were observed in the experimental and numerical study 

of Li et al. (2015). However, in the study of Yang et al. (2012), ice formation slowed 

the hydrate dissociation rate and decreased the gas production during fast 

depressurization from hydrate sediments in a cylindrical high pressure reactor (~7 L). 

Furthermore, Merey and Sinayuc (2015) simulated gas production from hydrate 

reservoirs at 8 oC and 5.7 MPa by using HydrateResSim simulator and they observed 

that ice plugs the pores and stops gas production due to fast depressurization.  Similar 

results were obtained in the reservoir scale simulations using Tough-Fx codes such 

as Tough+Hydrate (Moridis, 2003). Ice might form in a gas hydrate reservoir with 

gas production because the temperature of the reservoir decreases due to endothermic 

hydrate dissociation and Joule-Thomson cooling. 

 

 

Figure 2-11: Average rates of CH4 hydrate dissociation calculated by its half-life 

time after pressure drops to 0.1 MPa at various temperatures (Stern et al., 2003) 
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Although there is an increase in gas production with the formation heat of ice in some 

studies, there is also a risk of self-preservation as well as pore plugging effect of ice. 

Self-preservation of gas hydrate is defined as a very slow decomposition of gas 

hydrates when the external pressure drops below a three-phase equilibrium pressure 

of the gas-ice hydrate system at sub-zero temperature (below -3 or -2oC) as a result 

of thin ice film emergence on gas hydrate surface (Chuvilin et al., 2011). The self-

preservation phenomena in gas hydrates occurs between 242 K (-31.15oC) and 271 

K (-2.15oC) as shown Figure 2-11. This mechanism is very important for natural gas 

transportation at low pressure conditions as gas hydrates. 

 

In order to produce gas from gas hydrate reservoirs, firstly, water and/or gas in free 

spaces should be produced and then with the decrease of pressure below hydrate 

equilibrium pressure, hydrate starts to dissociate. However, if the effective 

permeability of hydrate reservoir is very low (between 1-10 mD), it is difficult to 

produce free water and/or gas and to decrease pressure below hydrate equilibrium 

pressure. Therefore, for depressurization production method, effective permeability 

(permeability of the sediments containing gas hydrate) should be higher than 10 mD 

(Konno et al., 2010). According to the simulation study of Huang et al. (2016), above 

70 % gas hydrate saturation, depressurization is not possible when instrinsic 

permeability of sediments are higher than 2 Darcy (D). During depressurization, no 

external heat is applied. However, the boundaries of hydrate zone provide heats 

through hydrate zone when the temperature of hydrate zone decreases because of 

Joule-Thomson effect and endothermic nature of hydrate dissociation (Oyama et al., 

2009; Konno et al., 2010; Marinakis et al., 2015). Hence, the higher the temperature 

of hydrate zone and its boundaries, the better depressurization method is. 

 

Depressurization method also causes the high amount of water production because 

water is released after hydrate dissociation. Mostly it is expected that water produced 

from gas hydrate reservoirs is fresh water and it might be released to sea floor in 

marine environment (Max and Johnson, 2016). However, it is better to analyze pore 

water from core samples to decide on this. Li et al. (2014) conducted depressurization 

experiments in hydrate sediments inside a high pressure reactor (117.8 L). According 
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to this study, water production rate is very high at low depressurization pressures. 

Huge amount of water production creates water disposal problems especially in 

offshore environments (Chong, 2015; Xu and Li, 2015).  Another disadvantage of the 

depressurization method is the risk of geomechanical instability of the sediments 

during hydrate dissociation. The strength of hydrate reservoir increases with hydrate 

saturation (Hyodo et al., 2013). Hyodo et al. (2014) conducted geomechanical 

experiments on CH4 hydrate sediments and investigated the effect of depressurization 

on CH4 hydrate geomechanical stability. Although there is not much effect of fast 

depressurization on the ultimate deformation of hydrate sediments, the initial 

deformation rate increases with increasing depressurization rate. However, it is 

obvious that as gas is produced by depressurization from hydrate sediments, the axial 

strain and volumetric strain increase (Miyazaki et al., 2011; Hyodo et al., 2014).  

Furthermore, in the simulation studies of Rutqvist and Moridis (2009) and Rutqvist 

et al. (2012), the geomechanical stability of hydrate reservoirs is significantly 

affected by depressurization if the sediments are structurally weak. Moreover, there 

is a risk of collapse of casing and environmental problems because of these 

geomechanical problems. 

 

2.5.2 Thermal Stimulation 

 

As seen in Figure 2-10, by increasing the temperature of gas hydrate reservoirs, the 

reservoir conditions are shifted the outside of hydrate equilibrium conditions. Below 

the hydrate equilibrium line, hydrate starts to dissociate after the increase of the 

temperature. There are several ways to increase temperature such as steam injection, 

hot water injection, electric heating or microwave heating (Liang et al., 2008; Xu and 

Li, 2015; Chong et al., 2015). Thermal stimulation is very effective to dissociate 

hydrate fast. However, the injection of heat into hydrate reservoirs is very expensive. 

Moreover, injected heat is not only absorbed by hydrate sections, it is also absorbed 

by sediments without hydrates and equipment such as tubings, boundaries, etc. 

Therefore, cost estimations and energy efficiency ratio calculations are important for 

thermal stimulation studies. There are many experimental and numerical studies to 

understand the effect of thermal stimulation on hydrate dissociation. By using a five-
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spot well system in a cubic high pressure reactor (5.8 L), gas was produced from CH4 

hydrate sediments with hot water injection (Wang et al., 2013). It was found that heat 

conduction is dominant compared to convection during thermal stimulation. 

Moreover, there is a linear correlation between hot water injection rate and rate of 

hydrate dissociation. However, Wang et al. (2013) proposed that high hot water 

injection rate decreases the energy efficiency. Similar conclusions were also made in 

the study of Zhao et al. (2012). 

 

Fitzgerald and Castaldi (2013) conducted combustion experiments (heating rates: 20 

W and 100 W at different hydrate saturations) on hydrate sediments formed inside a 

large scale cylindrical high pressure reactor (59.3 L). The results showed that higher 

energy efficiencies were obtained with higher hydrate saturation at both high and low 

heating tests. In the study of Kawamura et al. (2007), hydrate formed inside the core 

with 5 cm diameter and 50 cm length.  Then, steam was injected at different rates and 

hydrate in core sample dissociated. Approximately 44 % of total gas in hydrate was 

produced with steam injection. Microwave heating was investigated by Liang et al. 

(2008). Compared to hot water injection at the similar conditions, gas hydrate 

dissociated more rapidly with microwave heating.  

 

Recently, there is an attempt to combine gas hydrate production methods. Thermal 

stimulation and depressurization are combined to produce much gas from hydrate 

reservoirs. Feng et al. (2015) formed CH4 hydrate in sediments inside the cubic 

hydrate simulator (5.832 L). They produced gas with dual horizontal pipes (wells) 

from the reactor during depressurization combined with warm water injection (22 

oC). If the temperature of water increases, the energy ratio declines because of heat 

loss to non-hydrate zones. Similarly, Falser et al. (2012) proposed that with additional 

heat at the same depressurization pressure, gas production from hydrate can be 

increased 1.8 to 3.6 times in simulations and experiments compared to the only 

depressurization. Moreover, Feng (2015) and Feng (2015b)’s experiments indicated 

that depressurization with horizontal wells is much more efficient than the 

depressurization with vertical wells. Another way to combine depressurization and 

thermal stimulation is the huff and puff method. The huff and puff method has also 
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been studied recently in detail. Firstly, hot water or steam is injected. Then, the system 

is closed for a while in order to allow heat diffusion, which is called soaking period 

(Li et al., 2012). Li et al. (2012) applied this method numerically and experimentally 

on hydrate sediments inside a 117.8 L cylindrical high pressure reactor. It was 

concluded that this method can be effective if the intrinsic permeability of hydrate 

sediments is high. In another study of Minagawa et al. (2015), depressurization and 

electrical heating were combined. They concluded that this method might be an 

effective method of gas production from hydrate layers. 

 

According to the experimental results, Tang et al. (2005) suggested that a higher 

hydrate saturation and lower injection temperature resulted higher energy ratio during 

thermal stimulation. Therefore, the choice of effective thermal treatments for 

appropriate hydrate reservoir is important. Hao et al. (2012) concluded that thermal 

stimulation of hydrate reservoirs might be feasible if the effective thermal treatments 

are applied. Geomechanical stability is also a problem during thermal stimulation as 

depressurization. According to Hyodo et al. (2009), the strength of gas hydrate 

reservoirs increases as hydrate saturation increases and temperature decreases. 

Similarly, in the study of Hyodo et al. (2014), it was concluded that CH4 hydrate 

sediments failed after thermal recovery because the axial load was higher than the 

strength of CH4 hydrate bearing sediments. 

 

2.5.3 Chemical Injection 

 

The aim of chemical injection into gas hydrate reservoirs is to shift hydrate 

equilibrium line upward and then reservoir conditions will be below hydrate 

equilibrium line (Figure 2-10). At these conditions, hydrate starts to dissociate. 

Compared to other production methods such as depressurization and thermal 

inhibition, this method is not preferred much by scientists because it is very expensive 

and environmentally harmful (Moridis et al., 2013; Chong, 2015; Max and Johnson, 

2016). Methanol, ethylene glycols, calcium chloride and salt are considered as 

hydrate inhibitors (Sloan and Koh, 2008). They are mainly used to avoid gas hydrate 

formation in pipelines during natural gas transportation. 



33 

 

Before injecting any chemicals or water through gas hydrate reservoirs, high 

permeability is essential for injection.  Moreover, in marine environments, there is a 

risk of polluting the environment.  In order to understand the injection of chemicals 

into gas hydrates, several experiments were conducted. Fan et al. (2006) injected 

ethylene glycol (EG) inside synthetic hydrate formed in a small high pressure cell at 

different concentrations. The results showed that hydrate dissociation rate increased 

with EG concentration and injection rate of EG. Moreover, hydrate dissociation heat 

decreased with increasing EG concentration. Similar results were also obtained in the 

study of Sira et al. (1990) for methanol and glycol injection. 

 

Instead of chemical injection only, there is a tendency to combine chemical injection 

and thermal stimulation production methods. Yuan et al. (2013) compared different 

chemical inhibitors (NaCl, Na2SO4 and EG) with hot water at different temperatures 

in terms of effective gas production from gas hydrates. Experiments were conducted 

in a cylindrical high pressure reactor (7 L). As expected, gas production increased 

with increasing hot water temperature. However, after 313.0 K, this effect decreased. 

At the same conditions, with the injection of NaCl, the gas production from hydrate 

sediments is highest compared to Na2SO4 and EG injections.  For this reason, many 

studies related to hot brine injections have been conducted. Chong et al. (2015b) 

conducted many experiments to understand the effect of NaCl on the dissociation 

kinetics of gas hydrates. NaCl increased the first stage dissociation rate and resulted 

in a faster recovery of CH4. With the increase of the concentration of NaCl, hydrate 

dissociation increases but this is until certain value because precipitated salt particles 

plug the pores at higher NaCl concentrations dissolved in hot water. For instance, hot 

brine injection experiments at different NaCl concentration were conducted by Li et 

al. (2008). At 50 oC, there was almost no difference between gas production values 

of brine injection at 16 and 24 % NaCl. However, gas production at 16 % NaCl 

dissolved in 50oC hot water was much higher than gas production at 8 % NaCl 

dissolved in 50oC hot water. 

 

The determination of hydrate properties of a specific gas hydrate reservoir is quite 

important because many factors might affect the selected production scenario. In the 
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study of Li et al. (2016b), hot brine injection experiments into CH4 hydrate formed 

in sediments inside a large cubic high pressure reactor were conducted in different 

hydrate saturation, brine concentration, brine injection rate, injected heat, brine 

temperature, hydrate temperature, and intrinsic permeability (permeability of 

sediments without gas hydrate). Then, their effects on energy efficiency were 

conducted. When hydrate reservoir temperature (-1 to 5 oC), intrinsic permeability 

(100 to 1200 10-3 mm2) and brine concentration (2%~20%) increase; energy 

efficiency (EE) increases until certain conditions. Injected heat increases from 100 kJ 

to 1240 kJ (480 kJ for the maximum EE of 6.4), the temperature of injected brine 

changes from 30 oC to 50 oC (40 oC for the maximum EE of 5.2), the brine injection 

rate ranges from 10 cm3/min to 25 cm3/min (20 cm3/min for the maximum EE of 5.1), 

and hydrate saturation changes from 16% to 64% (48% for the maximum EE of 7.2). 

Therefore, careful analysis is required in such complex reservoirs like gas hydrates. 

 

2.5.4 CO2 Injection 

 

 

Figure 2-12: Diagram of CH4-CO2-H2O phase equilibrium (Goel, 2006) 

 

CO2 injection is quite different among the production methods of gas hydrate 

reservoirs. This method was firstly suggested by Ohgaki et al. (1996).  Basically, the 



35 

 

difference of thermodynamic stability between CH4 and CO2 causes CH4 molecules’ 

leaving the cages of its hydrates and empty cages are filled by CO2. This replacement 

is called CO2-CH4 swapping or replacement (Ohgaki et al., 1996; Xu and Li, 2015). 

This method is advantageous both in terms of CH4 production from hydrates and CO2 

sequestration for environmental purposes (Uchida et al., 2005; Zhao et al., 2012b; 

Ors and Sinayuc, 2014; Abbasov, 2014; Abbasov et al., 2016). The hydrate 

equilibrium curves of CO2 and CH4 in different phases are shown in Figure 2-12. As 

seen in Figure 2-12, at points A and B, CO2 is in hydrate state while CH4 is in gaseous 

state. This means that at certain conditions (temperature below 283 K), CO2 hydrate 

is more stable than CH4 hydrate.  

 

Figure 2-13: Schematic diagram of the guest molecule replacement in the M-cage 

and the CH4 re-occupation in the S-cage (Zhao et al., 2012b) 

 

Figure 2-13 is useful to understand the replacement (swapping) mechanism between 

CH4 hydrate and CO2. Basically, when CO2 is injected to CH4 hydrate, the cages of 

sI CH4 hydrate are opened because of thermodynamic differences between CO2 and 

CH4. Then, CO2 fills mostly large cages (M-cage in Figure 2-13) and CH4 is pushed 

outside of the cages. However, as seen in Table 2-2, the ratio of molecular diameter 

of CO2 to cavity diameter is 1.0 for small cages and 0.834 for large cages. Hence, the 



36 

 

CO2-CH4 swapping is extremely low in small cages and mostly CH4 molecules stays 

in the small cages of sI hydrate (Yuan et al., 2012). Then, mostly CH4 molecules are 

taken out of larges cages and they are produced. Finally, the mixed CO2-CH4 hydrate 

stays in sediments. According to Geng et al. (2009), the mixed CO2-CH4 hydrate 

formed after the replacement is the most stable hydrate compared to pure CO2 and 

pure CH4 hydrate. This is because the cages are filled perfectly in the mixed CO2-

CH4 hydrate. Therefore, even though there is a risk of reservoir subsidence in gas 

hydrates during depressurization and thermal stimulation, this risk is very low with 

CH4-CO2 swapping production method and water production is expected to be low. 

To support this idea, Hyodo et al. (2014b) conducted geomechanical experiments on 

hydrate sediments before and after CO2-CH4 swapping. Their results indicated that 

newly formed CH4-CO2 mixed hydrate would keep the reservoir mechanically stable. 

Similar results were also observed in the study of Liu et al. (2016). 

 

Recently, many CO2-CH4 hydrate swapping experiments were conducted and the 

replacements were observed and CH4 gas was produced at different ratios (Yuan et 

al., 2012; Ors and Sinayuc, 2014; Chong et al., 2015; Xu et al., 2015). Furthermore, 

CO2 replacement with CH4 was observed in natural gas hydrates (sII hydrate 

including CH4 and C3H8) (Schicks et al., 2011; Abbasov, 2014; Abbasov et al., 2016). 

Even CO2-CH4 swapping was observed in sH gas hydrate of CH4 and neohexane up 

to 88 % CH4 recovery (Lee et al., 2015). Although CO2 injection is advantageous, its 

disadvantages are low replacement rate, pure CO2 hydrate reformation and low CH4 

recovery (Komatsu et al., 2013; Xu and Li, 2015). Due to generally low permeability 

of gas hydrate reservoirs, the injection of CO2 through hydrate reservoirs is a big 

problem. Especially CO2 phase easily changes from gaseous state to liquid or 

supercritical state. Hence, the injection pressure increases easily. This also increases 

the chance of formation of pure CO2 hydrate when there is free water in pores. As 

pure CO2 hydrate is formed instead of the mixed CO2-CH4 hydrate, the permeability 

of hydrate reservoir decreases further after the plugging of pores due to newly formed 

pure CO2 hydrate. During CO2-CH4 swapping, CO2 almost only fills the large cages 

of sI CH4 hydrate and the small cages mostly consist of CH4 molecules. Therefore, 
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even in better replacement mechanism, up to 64 % of CH4 can be produced from 

hydrate reservoirs with CO2 injection (Nago and Nieto, 2011).  

 

In order to increase the effectiveness of CO2 injection and to avoid the CO2 injection 

problem at high pressures, 77 % N2 and 23 % CO2 mixture injection to gas hydrates 

was suggested by University of Bergen and it was proved experimentally and also in 

Ignik Sikumi field pilot project (Schoderbek et al., 2013; Kvamme, 2015; Kvamme, 

2016). During swapping processes in experimental studies, it was observed that large 

cages of sI hydrate filled by mostly CO2 and small cages are filled by N2. Therefore, 

gas recovery was increased from 64 % to 85 % by the mixture of CO2 and N2 

injection. This also avoids the injection problem of CO2 and reduces the chance of 

pure CO2 hydrate formation because N2 concentration is high. Moreover, N2 can only 

form its pure sII hydrate at very large pressure values (i.e. ~11,885 psia at 8oC). It 

also increases the recovery of CH4 hydrate by replacing CH4 in small cages. In 

another studies of Kang et al. (2014) and Ahn et al. (2015), air and CO2 injection was 

suggested for gas production from hydrate with the replacement mechanism because 

it is feasible compared to prepare CO2 and N2 mixture.  

 

2.6 Field Scale Studies 

 

Laboratory and experimental studies are quite important to analyze gas production 

from gas hydrate reservoirs. However, without any field pilot project or any actual 

data comparisons between experimental and or numerical modelling, these studies 

are not enough. In conventional oil and gas reservoirs, the modelling and 

experimental results are always compared with actual production data and if there are 

big differences between these data, the reasons are investigated. However, the 

problem in gas hydrate reservoirs is that there is only one long-term field application: 

Messoyokha Field (permafrost), Russia. Rest of other gas hydrate field production 

activities are short-term production tests: mainly Mallik Field (Canada), Nankai Field 

(Japan) and Ignik Sikumi Field (USA) (Giavarini and Hester, 2011; Nandanwar et 

al., 2016). 
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Gas production from Messoyokha gas hydrate field started in 1970. It was the first 

gas hydrate field discovered in nature. It is a Class 1(G) hydrate reservoir in the 

Russian permafrost as seen in Figure 2-14-A. Makogon et al. (2005) interpreted that 

pressure increase during gas production was due to hydrate dissociation in 1981 in 

Figure 2-14-B. It was claimed that the field has a cumulative gas production of 

12.9x109 m3 and 5.4x109 m3 of this amount was obtained via hydrate decomposition 

by depressurization method (Makogon et al., 2005). However, in several studies, 

there are some proposals that gas production in this field was not due to hydrate 

dissociation and the reliability of this field was questioned (Collett et al., 1998).  

 

Figure 2-14: A) Cross section of the Messoyokha field B) Production behavior at the 

Messoyokha field (Makogon et al., 2005) 

 

In another permafrost located in the Mackenzie Delta, Canada, the Mallik gas hydrate 

pilot production tests were conducted in 2002, 2007 and 2008. The type of gas 

hydrate reservoir is Class 3 and it includes almost 100 % CH4 (sI hydrate). In 6 days, 

continuous gas production with depressurization (at 4.5 MPa) from a 12 m perforated 

interval was held. Approximately, 13,000 m3 of CH4 produced with a production rate 

of 2000 m3/day. Moreover, in different hydrate zones, thermal injection was tested 

(Uddin et al., 2014; Chong et al., 2015). Figure 2-15 shows the gas production rates 

in the depressurization tests conducted in Mallik Field in 2007 and 2008. The aim of 

field pilot tests in the Mallik field was to enhance the available codes for the 
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simulation of gas production from gas hydrates such as CMG-Stars, HydrateResSim, 

Tough + Hydrate, Hydrsim Simulator, and MH-21 HYDRES. Therefore, according 

to the results of these projects, these codes were improved for the simulations of 

laboroatory scale and reservoir scale natural gas hydrates (Collett et al., 2009; 

Johnson and Max, 2015).  

 

Figure 2-15: Gas production rates of different gas hydrate field test projects (Boswell 

et al., 2016) 

 

Different from the previous pilot projects on gas hydrate reservoirs, CO2/N2 mixture 

was injected into the Ignik Sikumi field on the Alaska North Slope. It is a permafrost 

consisting gas hydrates. In the laboratory, the effectiveness of CO2/N2 mixture 

compared to only CO2 injection was proved experimentally by University of Bergen 

(Kvamme, 2015). In 2012, this method was applied to the Ignik Sikumi field by 

injecting 77.5 % N2 and 22.5 % CO2 (167. Mscf of N2 and 48.6 Mscf of CO2) mixture 

and gas was produced after injection and soaking periods. The similar replacement 

mechanism as in the experiments were observed in this field pilot project. 

Approximately 210,000 standard cubic feet (scf) of this gas mixture was injected.  
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Then, 855 Mscf CH4 was produced during the total production period including a 6 

weeks of flow back of gas. With CH4, N2 and CO2 were also produced. 

Approximately 70 % of injected N2 was produced but only 40 % of CO2 was 

recovered. It was considered that the rest of CO2 stored in the mixed hydrate after the 

replacement (White and Lee, 2014). Figure 2-15 shows the gas production rates in 

the CO2-CH4 swapping test conducted in Ignik Sikumi well in 2012. Although in this 

well, it is considered that CO2-CH4 swapping occurred, it is not proved scientifically 

(Boswell et al., 2016). Moreover, there are still many studies needed to improve this 

method (i.e. improved well logging techniques to prove the existence of CH4-CO2 

mixed hydrate in the reservoir after the replacement) but depressurization method 

will remain the primary basis of future gas hydrate field production tests (Boswell et 

al., 2016). 

 

In the MH-21 (2008)’s project, the gas hydrate deposits were discovered in the 

Nankai Trough, Japan. Geological and geophysical studies were conducted during 

this project and then the field production tests were conducted in 2013. This is the 

first field production test from marine gas hydrates. During 6 day-gas production test 

with depressurization method (pressure was lowered from 13.5 MPa to 4.5 MPa), 

120,000 m3 of gas (CH4) and 1200 m3 of water were produced. Produced water was 

fresh water as expected and distilled to the sea (Kawamoto, 2014). Figure 2-15 shows 

the gas production rates in the depressurization tests conducted in Nankai Trough 

field in 2013. With gas production, it was observed that sand production increased. 

Then, production test was stopped in the 6th day of the test. In order to understand 

and test the gas hydrate reservoirs in marine sediments, this project is quite important 

and unique. Most of gas hydrates in nature exists in marine sediments and this study 

is the first offshore gas hydrate field production trial. Long-term production tests in 

this field can provide many clues about the effectiveness of depressurization, and its 

effect on the geomechanical stability of marine sediments. For this reason, in the 

Phase 3 of the MH-21 project, it is aimed to produce gas from 2016 to 2018 (MH-21, 

2008; Chong et al., 2015). In this project, new production well and monitoring wells 

have been drilled in 2016 and they are going to start to produce natural gas from 

methane hydrate reservoir in the spring of 2017 as long as possible (Personal 
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communication with Dr. Jun Yoneda, 2016). Moreover, in Krisha-Godavari Basin of 

India, first pilot gas production test is planned during 2017-2018 after the analysis of 

geophysical data, geological data and the data of drilled 42 gas hydrate wells (Kumar, 

2016). 

 

 

Figure 2-16: Technology maturity curve of gas hydrates (SBC, 2015) 

 

As seen in Figure 2-16 and summarized in this chapter, gas production from gas 

hydrates are still at the early stages of development. The targets of all gas hydrate 

projects are gas hydrate occurences in sand reservoirs because of its optimum 

reservoir properties such high porosity and high permeability (Kumar et al., 2016). 

SBC Energy Institute (SBC, 2015) prepared Figure 2-16 to show the current stages 

of gas hydrate technology. As seen in Figure 2-16, exploration techniques such as 

controlled source electromagnetic method (CSEM), pressure coring, nuclear 

magnetic resonance, acoustic logging, electrical resistivity logging and 2D/3D 

seismic are in mostly deployment stage in the maturity curve. However, production 
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techniques such as depressurization, thermal stimulation, inhibitor injection and CO2 

injection are still below deployment stage. When exploration techniques are at mature 

technology stage in future, these data gained from exploration studies will be helpful 

for the development of production techniques in gas hydrates. 
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CHAPTER 3  

 

 

GAS HYDRATE POTENTIAL OF THE BLACK SEA 

 

 

 

3.1 General Information about 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 

547,000 km3 and a maximum depth of 2200 m (Murray, 1991). 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.  Near the shores of the Black Sea, the depth of sea is shallow but after little far 

away from the shores, the sea level depth suddenly increases up to 2,212 m as shown 

in Figure 3-1 and Figure 3-2.  

 

Figure 3-1: Lithology of the Black Sea (Adapted from Ross et al., 1974) 

 

As shown in Figure 3-1, the Black Sea is a deep valley, which was filled with 

unconsolidated and consolidate sediments above basalt and mantle layer. According 

to Klaucke et al. (2005), the sedimentation rate in the Black Sea is high because the 

Black Sea is almost a closed sea and many rivers transport sediments with time. The 

thickness of the sediments in the Black Sea is considered up to 19 km (Ross et al., 

1974; Nikishin et al., 2003). 
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Figure 3-2: Bathymetry of the Black Sea (Vassilev, 2006) 

 

 

Figure 3-3: Salinity, temperature and O2 concentration with sea level depth of the 

Black Sea and typical global ocean (Railsback, 2010) 
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Figure 3-4: Temperature, salinity, density and st (isopycnal parameter) in the Black 

Sea at the location with lat. 42.951, long. 39.114 with depth (Stanev et al, 2014) 

 

The Black Sea was a fresh water lake from 22,000 to 9,000 year B.P. After the rise 

of the sea levels, the warm saline waters of the Mediterranean Sea flowed through the 

Black Sea via the Bosphorus. Then, the denser saline water sank and less dense water 

raised to the top and this created halocline. This also formed anoxic water body 

because halocline creates anoxic environment (Deuser, 1974; Neprochnov and Ross, 

1978; Okay, 2008). The salinity, temperature and O2 concentration values with sea 

level depth are shown in Figure 3-3 and in this figure, the comparison with typical 

ocean conditions are made. Seawater salinity changes between 1.75 and 2.23% (17.5-

22.3 ppt) (Murray, 1991; Railsback, 2010). The salinity of the Black sea increases 

from 1.75 % to 2.23 % between sea level and 200 m below sea level. Then, it is almost 

constant from 200 m below sea level to sea floor (Railsback, 2010). Similar 

observations were observed in the study of Stanev et al. (2014). Moreover, in Figure 

3-4, the density of seawater and isopycnal parameter are shown. However, in the 

study of Shishkina (1978), Hole 379A was drilled in the Black Sea. Sea surface 

chlorinity and salinity were measured as 1.144 % and 2.02 % respectively. After 

drilling of Hole 379A, it was observed that chlorinity and salinity decrease with 
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depth. Chlorinity drops to 0.27 % at 32.4 meters and maintains low salinities to 268 

meter depth, fluctuating between 0.18 and 0.33 %. Therefore, salinity and chlorinity 

in sediments below sea floor might be different from seawater at sea floor. This 

behavior was interpreted as the freshening of the basins during Neoeuxinian epoch in 

the Black Sea by Shishkina (1978). Similarly, pore water salinity was measured as 

very low according to the data obtained from DSDP 42B well in the central Black 

Sea and it was measured as 0.5 %. This low salinity is due to dominant fresh water 

stages in the Quaternary deposits, corresponding to phases of isolation of the Black 

Sea (Popescu et al., 2006). Soloviev and Ginsburg (1994) stated that the water 

responsible for gas hydrate formation is of a lower salinity than the Black Sea water. 

Furthermore, the determination of chloride concentration is important to calculate gas 

hydrate saturation. If hydrate saturation increases, chloride concentration of pore 

water decreases because pore water freshening occurs due to hydrate formation 

(Hesse and Schacht, 2011). Hydrate saturations determined by chloride (Cl) 

concentration (Equation (3-1) and well log are compared (Wang et al., 2011). 

𝑆ℎ =
1

𝜌ℎ

(1 −
𝐶𝑙𝑝𝑤

𝐶𝑙𝑠𝑤

) 
(3-1) 

 

where ρh: density of hydrate, g/cm3; Clsw: in-situ baseline pore water chlorinity; Clpw: 

Measured chloride concentration in core water samples after gas hydrate 

dissociation. 

 

 

Figure 3-5: Figure showing how pore water salinity changes: A) Before gas hydrate 

formation, B) Just after gas hydrate formation, C) 1000s years after gas hydrate 

formation (Adapted from Bohrmann and Torres, 2006) 
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Figure 3-6: Temperature Gradient in the Black Sea (Vassilev, 2006) 

 

Pore water Cl anomaly is commonly used while determining gas hydrate sections in 

sediments and calculating gas hydrate saturations (Hesse and Schacht, 2011). When 

gas reaches to the sediments filled with water, hydrate starts to form if temperature 

and pressure conditions are appropriate. Then, Cl concentration of free water 

increases after gas hydrate formation. If the system is closed, normally in-situ salinity 

is high after hydrate formation (Meyer and Flemings, 2014). However, with time, 

high Cl in free water of sediments diffuse away if the system is not closed. Therefore, 

when pore water of gas hydrate samples is analyzed after dissociation, Cl 

concentration is quite low compared to Cl gradient of the sediments (Bohrmann and 

Torres, 2006; Hesse and Schacht, 2011; Thakur and Rajput, 2011). Figure 3-5 

describes how water Cl content in pores changes with gas hydrate formation. 

According Dahlmann and De Lange (2003), another reason of pore water freshing 

might be due to clay mineral diagenesis instead of gas hydrate formation. Hence, 

many parameters such as pore water Cl anomaly, well log, and coring should be 

evaluated together for accurate gas hydrate studies instead of trusting only one data. 

Different from gas hydrates in deeper sediments, in massive gas hydrates near sea 

floor in the eastern margin of the Japan Sea, it was observed that Cl concentration is 

quite higher compared to normal Cl gradient because massive gas hydrates near sea 
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floor form fast where there is high methane flux (Melgar, 2009; Tomaru et al., 2016). 

As seen in Figure 3-3 and Figure 3-4, the average temperature of seafloor in the Black 

Sea is approximately 9oC (Klauda and Sandler, 2003; Railsback, 2010; Stanev et al., 

2014). Moreover, Figure 3-6 shows the sediments’ temperature gradient below 

seafloor in the Black Sea. This information is useful for the simulation studies of the 

potential gas hydrates of the Black Sea. 

 

The Black Sea has large amounts of organic matters carried by rivers and they are 

stored. Therefore, during the bacterial sulfur reduction of these organic matters, H2S 

evolves and it is stored in the Black Sea as dissolved gas (Deuser, 1974). Similarly, 

CH4 concentration dissolved in the sea increases with depth until certain values. The 

profiles of CH4 and H2S concentrations with depth at Sta.BKS2 in the Black Sea are 

shown in Figure 3-7. 

 

Figure 3-7: Profile of a) CH4 and b) H2S concentration profile at Sta.BKS2 in the 

Black Sea (Adapted from Sozansky, 1997) 

 

With the impact of post-glacal flooding in the Black Sea, the seafloor temperature of 

the Black Sea increased by 5oC and it was considered that 15-60 % of gas hydrates 
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in the Black Sea dissociated (Poort et al., 2005). Hence, all of these periods have still 

been investigated by scientists but it is not in the scope of this study. 

 

3.2 Evidences of Gas Hydrate Existence in the Black Sea 

 

As many places in the world, the Black Sea also has a huge gas hydrate potential and 

it is also considered as the world’s most isolated sea, the largest anoxic water body 

on the planet and a unique energy-rich sea (Ergun and Cifci, 1999; Overmann and 

Manske, 2006). Moreover, low pore water salinity in the Black Sea sediments 

promotes gas hydrate formation (Vasilev, 2015; Haeckel et al., 2015). It abundantly 

contains gas hydrates and H2S as CH4 and hydrogen source, respectively (Sozansky, 

1997). CH4 seepage is extremely intense on the shelf and on the slope of the Black 

Sea (Sozansky, 1997; Vassilev and Dimitrov, 2000; Dimitrov, 2002; Heeschen et al., 

2011; Xing, 2013; Küçük et al., 2015). 

 

Figure 3-8: Gas seepages in the ‘‘Golden Sands’’ area showing: (a) a small seep 

producing gas with a flux rate of 0.26–0.62 l/min; (b) two medium strength seeps 

with 1.0–2.0 l/min; (c) a strong seep with 2.5–3.8 l/min (Dimitrov, 2002). 

 

 In Figure 3-8 and Figure 3-9, natural gas seepages along the Bulgarian Black Sea 

coast (Dimitrov, 2002) and Batum region are shown respectively. The gas 

composition in the Bulgarian Black Sea coast (Figure 3-8) includes 92-96.3 % CH4, 
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0.2 % C2+, 0-0.9 % CO2, and 0.8-4.4 % N2. More than 3000 gas seeps were detected 

in the Black Sea (Collins et al., 2016). These gas seeps also formed mud volcanoes 

in the sea floor of the Black Sea (Kenyon et al., 2001). 

 

Figure 3-9: Gas seepages from the Batumi seep area during ROV observations (Pape 

et al., 2011)  

 

In the Black Sea, there are many mud volcanoes (mostly due to gas seepages as seen 

in Figure 3-10) (Ergun and Cifci, 1999). At the Vodyanitskii mud volcano (~2080 

mbsf, Sokorin through) in the central north part of the Black Sea, when funnel was 

put just above gas seepage area, gas hydrate formed inside the funnel because 

pressure in the funnel is above hydrate equilibrium conditions as shown in Figure 

3-11 (Sahling et al., 2009). Miwa et al. (2016) categorizes marine gas hydrates as 

shallow type gas hydrate existence (near sea floor) and deep type gas hydrate 

existence (in deeper sediments). Gas seepages or gas plumes are considered as an 

important index of shallow type gas hydrate existence (Miwa et al., 2016). The reason 

of these gas seepages is that at certain temperature conditions, gas pressure is below 

hydrate equilibrium curve so hydrate does not form in Figure 3-10. However, in some 

cases, even in gas hydrate stability zone, hydrate might not form in marine sediments. 

According to Matsumoto et al. (2009), the main reasons of the existence of free gas 

and free water in gas hydrate stability zones are high salinity effect of residual waters, 

degassing from ascending fluids, bound water effect and deficiency of free-waters, 

micro-pore effect of porous media.  
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Figure 3-10: Scheme of distribution of the free CH4 and CH4 hydrate in the Black 

Sea (Adapted from Sozansky, 1997) 

 

 

Figure 3-11: Gas bubbles and gas hydrate formed inside the funnel at Vodyanitskii 

mud volcano (~2080 mbsl; Sorokin Trough) in the Black Sea (Adapted from Sahling 

et al., 2009) 
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Gas seepages were observed in many places of the shallow part of the Black Sea 

because between sea level (SL) and 580 m below SL, CH4 hydrate formation 

conditions are not satisfied. However, CH4 hydrates can form in the Black Sea at 

water depths exceeding 580 to 700 meters because the hydrostatic pressure is enough 

to provide the hydrate equilibrium conditions (Sozansky, 1997; Ivanov et al., 1998; 

Vassilev and Dimitrov, 2003; Pape et al., 2011). Formation pressure of gas hydrate 

reservoirs mostly follow hydrostatic pressure with small sediment weight but in 

conventional reservoir, reservoir pressure is mostly higher than hydrostatic pressure 

(overpressurized) (Berndt, 2005; Max and Johnson, 2016). Figure 3-10 is very useful 

to visualize the reason of gas seepages. For example, Naudts et al. (2006) observed 

gas seepages and plumes between 66 and 825 mbsl (meter below sea level) in the 

Dnepr paleo-delta, northwestern Black Sea as shown in Figure 3-13. However, in this 

area below 825 mbsl, there is no gas seepage observed because gas hydrate stability 

zone is below 825 mbsl for this delta. If these seepages are natural and slow, most of 

gas released is oxidized in seawater or there is sulfate reduction reaction as seen in 

Equation (3-2) and Equation (3-3) respectively. In gas seepage areas, carbonates are 

commonly observed because of carbonate precipitation as described in Equation (3-4) 

(Cremiere et al., 2011). According to Pasynkov et al. (2014), the height of gas seeps 

in the Black Sea varies from 10 to 250 m (mostly 10-50 m) and their diameter changes 

from 10 to 40 m. Pasynkov et al. (2014) proposed that almost all of these gas seeps 

do not reach to the surface.  Kessler et al. (2006) also proved that currently released 

CH4 is almost balanced by oxidation in the upper water column such that little CH4 

escapes to the atmosphere. Furthermore, in the Macondo well blowout in 2010, all of 

released CH4 and 50 % of released oil were dissolved in sea and also consumed by 

bacterias (McNutt et al., 2012). However, if there are sudden gas releases because of 

slope failures, etc., it is harmful for environment (Xing, 2013). According to Vassilev 

and Dimitrov (2003), the area of the Black Sea suitable for gas hydrate formation is 

evaluated at 288,100 km2, representing about 68.5% of the total Black Sea or almost 

91% of the deep-water basin. 

Oxidation of Methane:  𝐶𝐻4 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 (3-2) 
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Sulfate Reduction:  𝐶𝐻4 + 𝑆𝑂4
2− → 𝐻𝐶𝑂3

− + 𝐻𝑆− + 𝐻2𝑂 (3-3) 

Carbonate Precipitation:  𝐻𝐶𝑂3
− + 𝐶𝑎+2 → 𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 (3-4) 

 

Oxidation of CH4, sulfate reduction and carbonate precipitation as shown in Equation 

(3-2), Equation (3-3) and Equation (3-4) are commonly observed in gas seepage areas 

in marine environment (Max and Johnson, 2016). Figure 3-12 shows precipitated 

carbonates and bacterial mats (white color) formed by anaerobic oxidation of CH4 in 

CH4 venting areas, Dnepr paleo-delta, NW Black Sea (Naudts et al., 2008). Due to 

anoxic environment inhibiting the development of benthic ecosystems (Collins et al., 

2016), oxidation of CH4, carbonate precipitation and sulfate reduction in the Black 

Sea, Tinivella (2016) proposed that the Black Sea gas hydrates might be good 

production test sites with minimum risks (mainly environmental risks). 

 

 

Figure 3-12: Sea-floor observations, showing bacterial mats and carbonates in CH4 

venting areas, Dnepr paleo-delta, NW Black Sea (Naudts et al., 2008) 
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Figure 3-13: CH4 seeps in the Dnepr paleo-delta, NW Black Sea, at water depths of 

66 to 825 m (Adapted from Naudts et al., 2006 and Naudts et al., 2009) 

 

In Figure 3-14, the locations of the gas hydrate samples recovered as squares in ice 

blue color and the potential places in terms of gas hydrate inferred from other seismic 

studies (i.e. mud volcanoes) in the Black Sea are shown (Starostenko et al., 2010).  

Moreover, Küçük (2016) prepared Figure 3-15 to show potential gas hydrate places 

in the Black Sea. Both in Figure 3-14 and Figure 3-15, the gas seepage areas in the 

Black Sea are shown. These seepages are due to the conditions in those places out of 

hydrate formation conditions or high gas fluxes cutting GHSZ. First gas hydrate 

samples from the Black Sea sediments were discovered by Yefremova and 

Zhizchenko (1974). Moreover, with the TTR-11 cruise of RV Professor Logachev, 

gas hydrate samples were recovered for the first time in the Northwestern (NW) part 

of the Black Sea in the area without mud volcanoes and at a water depth of 900 m as 

shown in Figure 3-16 (Kenyon et al., 2001). As seen in Figure 3-16-a, gas hydrates 

fill sediments in nodular filling type. Similarly, Ivanov et al. (1998) observed gas 

hydrates as nodules (Figure 3-16-b) in the sediments in Crimean deep-water margin 

in the Black Sea. 
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Figure 3-14: Location of the mud volcanoes gas seeps and gas hydrates in the Black 

Sea: Triangles in black, mud volcanoes; circles in red, gas seeps; squares in ice blue, 

gas hydrate; bold dashed lines in black, shelf edge; bold squared lines, boundaries of 

tectonic units; filled rectangular in red, Dnipro palaeo-delta area; I, NW Shelf; II, 

Kerch-Taman trough; III, Sorokin trough; IV, Tuapse trough; V, Shatsky ridge; VI, 

Andrusov ridge; VII, Arkhangelsky ridge; VIII, Giresuan basin (Starostenko et al., 

2010)  

 

Figure 3-15:  Gas hydrate zones in the Black Sea (Küçük, 2016) 
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Figure 3-16: a) Gas hydrates in the Core BS308K in the NW of the Black Sea 

(Kenyon et al., 2001) b) Gas hydrates in Core BS-288G in Crimean deep-water 

margin in the Black Sea (Ivanov et al., 1998) c) Chips of gas hydrates in the core 

catcher in the sediment interval 10–35 cm in core GeoB 11913 taken at Vodyanitskii 

mud volcano in the Black Sea (Sahling et al., 2009) 

 

The gas hydrates were recovered in Batumi Region in the eastern part of the Black 

Sea with TV-grab (TVG) or gravity corer. The recovered gas hydrate samples contain 

99.96 % of CH4 gas, which is an indication of sI type hydrate and CH4 hydrate 

(Heeschen et al., 2011). In another recent study of Küçük et al. (2015), seabed 

samples were collected in Amasra, Bartın, Zonguldak-Kozlu in the central Black Sea 

by boxer corer. Headspace gas chromatography was applied to seabed samples to 

observe gas composition and the gas chromatography results represented 

hydrocarbon gases such as CH4 (mostly), C2H6, C3H8, i-C4H10, n-C4H10, i-C5H12, n-

C5H12 and C6H14. Therefore, all indications show that the Black Sea has both 

thermogenic and biogenic gas hydrate potentials. Equations (3-5), (3-6), and (3-7) in 

which gas ratio intervals of gas hydrates shown are classified as thermogenic, 

biogenic and mixed gas hydrates (Buruss and Laughrey, 2010). As well as these gas 

sources, cretaceous volcanoes in the Black Sea might provide CO2 and H2S to these 

shallow gas hydrates. In the study area of Küçük (2016) in the western Black Sea 

(Zonguldak-Amasra regions), these volcanic structures were observed. 
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𝐶1 (𝐶2 + 𝐶3)⁄ < 100 → 𝑇ℎ𝑒𝑟𝑚𝑜𝑔𝑒𝑛𝑖𝑐 𝑔𝑎𝑠 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (3-5) 

𝐶1 (𝐶2 + 𝐶3)⁄ < 1000 → 𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 𝑔𝑎𝑠 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (3-6) 

100 < 𝐶1 (𝐶2 + 𝐶3)⁄ < 1000 → 𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 + 𝑇ℎ𝑒𝑟𝑚𝑜𝑔𝑒𝑛𝑖𝑐 𝑔𝑎𝑠 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (3-7) 

 

According to Hester and Brewer (2009)'s study, thermogenic hydrates have been 

found in several places worldwide, including the Gulf of Mexico, the Caspian Sea, 

the Black Sea, the Marmara Sea and the Sea of Japan. Moreover, the detection of i-

pentane (i-C5H12) in the Black Sea near sea floor might be thought as the potential of 

sH hydrates in the Black Sea because i-C5H12 and CH4 form sH hydrate at certain 

concentrations. For instance, in Bush Hill, Gulf of Mexico, sH hydrate was detected, 

which includes 21.2 % CH4 and 41.1 % i-C5H12 as shown in Table 3-1 (Sassen and 

MacDonald, 1994).  

 

Table 3-1: Gas compositions of hydrate samples taken from Bush Hill, Gulf of 

Mexico (Sassen and MacDonald, 1994) 

Sample C1 C2 C3 i-C4 n-C4 i-C5 n-C5 

Hydrate (sH) 21.2 9.5 7.5 2.5 17.5 41.1 0.8 

Hydrate (sII) 71.8 3.4 18.8 5.7 0.3 - - 

Hydrate (sII) 73.9 4.9 16.3 4.6 0.2 - - 

 

Although CH4 and i-C5H12 (very low concentration) were detected in the Black Sea, 

much more studies are needed whether the Black Sea has sH hydrate potential as well 

as sI and sII hydrate potential. It is known that the main component of gas from the 

Black Sea hydrates is 93.3-99.7 % CH4 (Vassilev and Dimitrov, 2003). Even though 

it is considered that 99 % of all gas hydrate reservoirs in the world includes almost 

100 % CH4 (Kvenvolden, 2002; Johnson, 2011; Collett et al., 2015), this percentage 

could be lower in the Black Sea because many samples (Sozansky, 1997; Ivanov et 

al., 1998; Kenyon et al., 2001; Dimitrov, 2002; Heeschen et al., 2011; Küçük et al., 

2015) include thermogenic gases such as C2H6, C3H8, n-C4H10, i-C5H12, etc. These 

gases as impurities in CH4 change gas hydrate type of CH4 from sI to sII hydrate at 
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certain concentrations. Moreover, Vassilev and Dimitrov (2003) stated that as going 

deeper through the CH4 hydrate stability zone in the Black sea, hydrate saturation 

might increase up to 45-65 %. Similarly, Nandanwar et al. (2016) proposed that the 

bottom of hydrate layers have higher gas hydrate saturations than the top layer. 

 

 

Figure 3-17: A) BSRs detected in the Black Sea B) Analysis of BSRs (Popescu et 

al., 2006) 

 

Class 1 hydrates appear to be the most promising targets for gas production. It is 

because its pressure is close to hydrate equilibrium conditions and it is easy to 

produce (only small changes in pressure and temperature are necessitated for hydrate 

dissociation) and the existence of a free gas zone guarantees gas production even 

when the hydrate contribution is small (Kurihara et al., 2011; Moridis et al., 2013; 

Xu and Li, 2015). Class 1 CH4 hydrate reservoirs might be common in the Black Sea. 

For the determination of Class 1 hydrates, seismic studies have crucial importance. 

Detection of bottom-simulating reflections (BSRs) during seismic studies can give 
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clues about the potential of Class 1 hydrates. Bottom-simulating reflections (BSRs) 

are the typical seismic signature for marine gas hydrate reservoirs. They consist of a 

reversed polarity reflection that approximately parallels the sea floor and crosscuts 

the acoustic bedding structure of the sediments (Popescu et al., 2006; Thakur and 

Rajput, 2011; Sahay and Johnson, 2014; Vadakkepuliyambatta et al., 2015; Küçük et 

al., 2015).  The presence of a free gas zone below the BSR is attested by high 

reflectivity and has been confirmed by drilling (Popescu et al., 2006). Generally, 

BSRs mimic seafloor bathymetry (Majumdar et al., 2016). In the study of Popescu et 

al. (2006), multiple BSR lines were detected and they are shown in Figure 3-17. 

Strong BSR reflections are preferable for gas hydrate deposited in reservoir quality 

sands but the strongest BSRs are observed in shales (which are not considered as 

good reservoir for gas production from gas hydrates) (Sahay and Johnson, 2014). 

 

In the statistical study of Majumdar (2015), the dataset of BSR distribution from the 

Bureau of Ocean Energy Management with a huge dataset of gas hydrate distribution 

as appraised from well logs, covering an area of around 200,000 km2 in the northern 

Gulf of Mexico were evaluated. It was found that the chances of encountering gas 

hydrate when drilling through a BSR is ~ 42%, while that when drilling outside the 

BSR is ~15%. 42 % success to find gas hydrate around the BSRs is really a good 

amount and this shows the importance of the BSRs for the exploration of gas 

hydrates. The probability of detecting gas hydrate (42%) is much higher than the 

probability of the exploration of conventional gas reserves (10-15%) in wildcat fields. 

Moreover, Majumdar et al. (2016) states that the chances of finding gas hydrates is 

increased by 2.6 times if BSRs exit according to the evaluation of 3D seismic data 

and well logs data of 788 wells in the northen Gulf of Mexico. Hence, BSRs are very 

useful for the exploration of gas hydrate reservoirs. However, BSR is not a necessary 

condition for the presence of hydrate, as it only occurs when there is free gas beneath 

the distinct gas hydrate phase boundary. If there is no free gas below gas hydrate, 

there will not be BSRs (Singh and Prakash, 2015). Therefore, it is hard to detect Class 

3 hydrates compared to Class 1 hydrates. Although BSR is an important tool to 

discover gas hydrate reservoirs, currently it is not enough to predict amount of gas 

hydrates, free gas zone thickness and sediment type (Max and Johnson, 2016; 
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Dannowski et al., 2016). They should be evaluated together with other indications of 

gas hydrates such as pockmarks, gas seepages, mud volcanoes and mounds and then 

drilling and well logging (Kleinberg, 2009). Furthermore, recently, controlled-source 

electromagnetic methods (CSEM) were reported to be very effective to determine 

shallow gas hydrates by imaging subsurface resistivity and these surveys might 

provide hydrate saturation data and free gas amount below BSRs (Darnet et al., 2010; 

Weitemeyer et al., 2011; Wang et al., 2015; Zander et al., 2016). For instance, in the 

Danupe fan of the Black Sea, marine controlled source electromagnetic method was 

applied in 2014 for gas hydrate exploration and useful results were obtained (Jegen 

and Hölz, 2014; Schwalenberg et al., 2016). 

 

Figure 3-18: Gas hydrate stability zones/BSR number in the cross section (Vassilev, 

2006) 

 

In the Black Sea, multiple bottom-simulating reflections (BSR) were observed in the 

Danube deep-sea fan as shown in Figure 3-17 (Popescu et al., 2006). Similarly, 

Küçük et al. (2015) and Küçük (2016) collected seismic data in Amasra, Bartın, 

Zonguldak-Kozlu in the central Black Sea represent BSRs, bright spots and 

transparent zones. Multiple-BSRs were also observed in the study area. There are 

several reasons of the multiple-BSRs, mainly it is due to (Popescu et al., 2006; Jegen 

and Hölz, 2014; Paganoni et al., 2016): 
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 Gas hydrate with different gas compositions (biogenic and thermogenic) 

 Climate and sea level changes 

 Sediment anomaly 

 High sedimentation rate 

 

In first case, top BSRs shows the sI CH4 hydrate (biogenic origin or mix with 

thermogenic gas) and bottom BSRs shows mostly sII natural gas hydrates 

(thermogenic origin including C3H8). Similarly, multi-BSR was detected in paleo 

channel-levee system in ~1500 m water depth of the Danube Fan and sandy sediments 

with good reservoir properties were observed in the Danube Fan of the Black Sea (see 

Figure 3-14 for its location) (Dannowski et al., 2016; Zander et al., 2016). Scientists 

believed that the multiple BSRs are due to sea level changes in the past in the Danube 

Fan in the Black Sea (Jegen and Hölz, 2014). It should be noted that the reason of 

multi or double BSRs might be due to the sediments with magnetic properties such 

as greigite so gas hydrate related BSRs should be verified with other indications 

(Rogers, 2015). In the Black Sea, multiple BSRs due to gas composition and climate 

change are considered to exist (Popescu et al., 2006; Jegen and Hölz, 2014; Küçük, 

2016). Moreover, in Figure 3-18, gas hydrate stability zones versus BSRs number in 

the cross section in the Black Sea is shown (Vassilev, 2006). This also shows the gas 

hydrate potential of the Black Sea. With the all available data about the Black Sea 

hydrates, there is a huge gas hydrate potential of sI and sII gas hydrates. Actually, the 

BTU and commercial value of natural gas including higher density gases such as 

C2H6, C3H8 and C4H10 with CH4 are higher than those of natural gas including almost 

100 % CH4 (Max and Johnson, 2016). Therefore, this is another advantage of the 

Black Sea gas hydrates because of its high sI and sII gas hydrate potential. 

 

3.3 Gas Hydrate Potential of the Black Sea 

 

Gas hydrate reservoirs are considered as a potential future energy resource because it 

is widely available in permafrost zones and mostly marine sediments. All the 

evidences show that there is a huge potential of gas hydrates in the Black Sea. It is 

important to calculate the potential amount of gas in gas hydrates. For this reason, 
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there are many initial gas-in place calculations in hydrates in the world as listed in 

Figure 2-5 and Table 2-3.  

 

Figure 3-19: The hydrate resource pyramid (Zou, 2013) 

 

Gas hydrates are found in artic sand reservoirs, marine sand reservoirs, non-sand 

marine reservoirs, massive sea floors, marine shales and clays as shown in Figure 

3-19. However, only gas hydrates in artic sand reservoirs and marine sand reservoirs 

are considered as energy sources (Boswell and Collett, 2006; Boswell et al., 2007; 

Johnson, 2011; Winters et al., 2014; Boswell, 2014; Johnson and Max, 2015; 

Heeschen et al., 2016b). Many factors such as permeability, porosity, hydrate 

saturation, reservoir temperature, reservoir pressure and hydrate section thickness are 

quite important for the production of gas from gas hydrate reservoirs (Huang et al., 

2016). Permeability of hydrate reservoir is one of the most important factors both 

during hydrate formation and hydrate dissociation. In order to prove the hydrate 

resource pyramid in Figure 3-19, Huang et al. (2015) modelled gas hydrate reservoir 

in Shenhu area, China for different formations: Clay reservoir (grain size<0.005 mm), 

silt reservoir (grain size: 0.005-0.05 mm) and sandstone reservoir (grain size:  0.05-

2 mm) by using Tough + Hydrate simulator. As seen in Figure 3-20, at the same 

conditions, much more gas hydrate is dissociated in sand reservoirs compared to silt 

and clay reservoirs by 3.0 MPa depressurization. Hence, with current available 
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technology, sand rich reservoirs are targets for gas hydrate exploration as energy 

sources in Figure 3-19. Similarly, Han et al. (2016) conducted depressurization 

experiments from CH4 hydrate deposited in sandy sediments (average particle size: 

510.69 µm) and silty clay sediments (average particle size: 67.84 µm) in 5.6 L cubic 

reactor. Highest gas production is observed from hydrates deposited in sandy 

sediments. Moreover, it was observed that hydrate equilibrium curve in sandy 

sediments is same with bulk hydrate equilibrium curve whereas fine silty clay 

sediments shifts hydrate equilibrium curve to left. 

 

Figure 3-20: Hydrate saturation Sh distribution in a) Clay Reservoirs b) Silt Reservoir 

c) Sand Reservoir during gas production with 3.0 MPa depressurization (Huang et 

al., 2015) 

 

According to Boswell (2009), only 10 % or even less of all gas hydrates in the world 

are deposited in sands or sandstone. Gas productions from non-sand marine hydrates, 

massive seafloor (6 % of hydrate occurrence in nature and mostly above 11 mbsf) or 

shallow hydrates, and marine shale hydrates are very difficult even though there is a 

huge gas hydrate potential in these reservoirs compared to artic and marine sand 

reservoirs (Rogers, 2015; Zhao et al., 2016b).  In these hydrate reservoirs, reservoir 

quality and fractional gas production recovery are quite low. Hence, marine sands are 

good reservoirs for gas hydrates because they have high porosity and high 
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permeability values. According to the data of sedimentation on shelves and continent 

slopes, sands commonly comprise 20 % of sediments with sand/silt up to 60 % (Max 

et al., 2013). Gong et al. (2016) calculated that gas hydrate reservoir with hydrate 

saturation (Sh) greater than 30 % has higher gas production compared to tight gas and 

coalbed methane reservoirs. Konno et al. (2015) measured the intrinsic permeability 

of natural sediment cores obtained from a CH4 hydrate reservoir in the Eastern Nankai 

Trough in Japan. As seen in Figure 3-21, if clay content increases, the permeability 

of cores decreases. Therefore, gas flux into the cores including high clay content is 

difficult and generally, hydrate saturations are less than 10 % in these non-sand 

marine reservoirs.  

 

Figure 3-21: Relation between absolute permeability and porosity for core samples 

in Eastern Nankai Trough (Konno et al., 2015) 

 

According to Haeckel et al. (2015), high reservoir-quality in gas hydrate 

accumulations are expected in permeable sandy-silty deposits, such as turbidites and 

channel-levee-systems of the large paleo-river systems around the Black Sea.  Similar 

observations in the Black Sea were obtained in the study of Xing (2013). Coarse 

sediments from the paleo-river deposited as turbidites on a wide range of the basin 
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floor were also observed in the eastern Nankai Trough, Japan (Ito et al., 2015; 

Komatsu et al., 2016).  In ocean sediments, turbidite sand-silt systems are considered 

as one of the most potential places for gas hydrates because they have good reservoir 

properties (porous and permeable) (Max and Johnson, 2015; Su et al., 2016; Max and 

Johnson, 2016). Therefore, the permeable sandy-silty deposits might be good targets 

depositing gas hydrates in the Black Sea (Haeckel et al., 2015). Moreover, Max and 

Johnson (2015) proposed that additionally to turbidites, non-turbidite permeable sand 

reservoirs might be very good targets for gas hydrate reservoirs in the Black Sea and 

grain size of these sands might be higher than those found in marine turbidite systems. 

Mean grain sizes of some cores samples near seeps and mound in the Black Sea is 

shown in Figure 3-22. 

 

 

Figure 3-22: Mean grain sizes of gas hydrate samples in the Black Sea (Klapp, 2009) 

 

To consider gas hydrate reservoirs as energy sources, optimum conditions of many 

parameters should be satisfied. Temperature gradient, pressure gradient, source gas 

potential, porosity, permeability, sediments types, water, gas and hydrate saturations 

are the most important parameters (Boswell and Collett, 2016). Even if all of these 
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parameters are satisfied, if the sediments do not have good reservoir properties, gas 

hydrates are not considered in terms of gas production. As shown in Figure 3-23, gas 

hydrate saturation increases if intrinsic permeability increases. However, if intrinsic 

permeability is very low (mostly in clay sediments), gas hydrate saturation is very 

low because while gas is migrating from source rock, it cannot diffuse into the 

sediments with very low permeability. Hence, B and C type hydrate structures in 

Figure 3-23 are commonly observed in sediments with low permeability. According 

to Boswell and Collett (2016), high saturation in poor reservoirs or low saturation in 

high-quality reservoirs are rarely observed. Therefore, the identification of the 

sediments where gas hydrates deposited are quite important. 

 

 

Figure 3-23: Gas hydrate saturation relation with intrinsic reservoir quality (Boswell 

and Collett, 2016) 
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Figure 3-24:  Black Sea Sediments (Adapted from Nikishin et al., 2003) 

 

As shown in Figure 3-1 and Figure 3-24, the Black Sea has thick sediment layers. 

Figure 3-24 indicates the lithology map in the western Black Sea basin and Eastern 

Black Sea basin. Terrigenous mud is common in gas hydrate stability zone of the 

Black Sea. All rocks, sands, silts, clays, etc. eroded with rivers and glaciers and then 

transported to the Black Sea are called as terrigenous mud. Therefore, for better gas 

hydrate reservoirs, coarse sand layers and coarse layers of turbidites are potential 

sediments (Ergun and Çifci, 1996; Max et al., 2013; Max and Johnson, 2016; Rajput 

and Thakur, 2016). The grades of sands change from 62.5 µm to 2000 µm (Rogers, 

2015). It is better to analyze turbidites which is considered to be common in the Black 

Sea.  

 

Petroleum geologists investigates turbidites commonly because turbidites might 

include good reservoirs for hydrocarbons (oil and natural gas) (Bouma, 1962; 

Fairbridge, 1966; Walker, 1978; Melgar, 2009; Hüneke and Mulder, 2011). As seen 

in Figure 3-25, coarse and fine sediments form turbidites after these sediments sank.  
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Figure 3-25: Ordinary outcrop example of turbidites (alternating layers of fine and 

coarse sediments) (Swewe, 2016) 

 

 

Figure 3-26: Typical gas hydrate bearing sand dominated turbidite layern (top) 

separated from gas hydrate free mud (bottom) at U1328 (Riedel et al., 2009) 
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Because of very low permeability of fine sediments, gas cannot diffuse into fine 

sediment but gas can diffuse into coarse sediments because their permeability values 

are quite high. As clay content increases in sands, permeability decreases (Max and 

Johnson, 2016). Then, at high pressure and low temperature conditions, gas hydrate 

can form in these coarse sediments in marine environment (Long et al., 2009; Jang 

and Santamarina, 2016). For example, during field expeditions at Sites U1326 and 

U1327 across the northern Cascadia in Integrated Ocean Drilling Program (ODP) 

Expedition 31, gas hydrate zones with exceeding 50 % hydrate saturation were 

determined. They were deposited in up to 20 m thick sand rich turbidite intervals 

(Riedel et al., 2009). Figure 3-26 shows the samples taken from U1328 site. As seen 

in this figure, gas hydrate can be seen in coarse sediments of turbidite (top) but in fine 

sediment part (bottom), there is no gas hydrate. Furthermore, Max and Johnson 

(2014) stated that best gas hydrates are found in sands and especially in turbidites 

bounded with impermeable layers. Therefore, in this study, in order to understand gas 

production behavior from turbidites in the Black Sea conditions, gas production 

simulations were held for a hypothetical hydrate reservoir deposited in turbidities. 

Although coarse sand sediments are appropriate for gas hydrate production, more 

than 90 % of the global gas hydrates are deposited in fine sediments (clay, shale, 

muddy sediments etc.) with low gas hydrate saturation in porous media (1-5 %, rarely 

to 8-10 %) or inside faults, veins, nodules etc. (Jang and Santamarina, 2016; Max and 

Johnson, 2016). 

 

For the Black Sea, there are a few studies aiming to calculate the amount of CH4 

stored in gas hydrates. In Table 3-2, the results of initial CH4 in-place calculations in 

the Black Sea gas hydrates in several studies are shown. Figure 3-27 shows the 

distribution of CH4 hydrate in the Black Sea (Klauda and Sandler, 2003). 
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Table 3-2: Methane potential of the Black Sea hydrates 

 

Source 
Initial gas (Methane) in place in the 

Black Sea hydrates, tcm 

Korsakov et al., 1989 40-50 

Smirnov and Chumak, 1996 75-100 

 Parlaktuna and Erdogmus, 2001 68.9-96.6 

Solov’yov, 2003 100 

Klauda and Sandler, 2003 850 

Shi, 2003 42 

Vassilev and Dimitrov, 2003 42 to 49 (10-50) 

 

 

Figure 3-27: CH4 stored in the Black Sea gas hydrates at STP (Klauda and Sandler, 

2003) 
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Vassilev and Dimitrov (2003) calculated the amount of CH4 in gas hydrates of the 

Black Sea as 42 to 49 tcm. In their study, they used heat flow data from their 

colleagues and publications; porosity is from Russian empiric formula; and density; 

and for the initial gas in place calculations, they used 3 variants: empirical, drills, 

basin analysis with the Russian "historic-genetic approach".  Equation (3-8) and 

Equation (3-9) are commonly used to calculate CH4 in-place in CH4 hydrates 

(Adapted from Boswell and Collet, 2011): 

 

OGIP = φ × h × A × EF × CR (3-8) 

 

 

 EF =
MWCH4

MWCH4 + NHMWH2O
×

VHρ
H

ρ
CH4

 
(3-9) 

 

 

Where OGIP: original CH4 in-place in hydrates, standard m3; 𝜑: porosity, fraction; 

h:thickness of hydrate zone, m; A: cross-sectional area of hydrate zone, m2; CR: 

cavity fill ratio of CH4; EF: Expansion factor of CH4 in hydrate to surface standard 

conditions, ratio; MWCH4 : Molecular weight of CH4, g/mol; MWH2O: Molecular 

Weight of H2O, g/mol; NH: Hydration Number of CH4 hydrate; VH: unit hydrate 

volume (1 m3); ρH: CH4 hydrate density, kg/m3; ρCH4: CH4 gas density at standard 

conditions (0.717935 kg/m3 at 0 oC and 1 atm). 

 

The values in Table 3-2 represents all gas hydrates in all types of sediments in the 

Black Sea such as sands, silts, shales, clays etc. For gas production from gas hydrates, 

the targets are the gas hydrates deposited in sands (Kumar et al., 2015; Johnson and 

Max, 2015). According to Max and Johnson (2015), hydrate deposits in subaerial 

sediment systems in the Black Sea consist of coarser-grained sediments than those 

commonly found in turbidites. This is a good indication for high quality hydrate 

reservoirs in the Black Sea. The values in Table 3-2 are beneficial especially for the 

climate studies rather than energy studies. In Table 3-3, the initial CH4 in-place 

calculations in the Black Sea hydrates deposited in sands are listed. Johnson and Max 

(2015) found the median figure of 2.5 tcm (gas in place in sands) for the Black Sea, 
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used a range of possible values for sand content, volume of the gas hydrate stability 

zone, and hydrate saturation. This resulted in a minimum value of 0.031 tcm and a 

maximum value of 20.3 tcm.  In these calculations, in order to find the amount of 

CH4 in the Black Sea hydrates deposited in sands, Equation (3-8) is multiplied by 

sand content.  

 

Table 3-3: CH4 potential of the Black Sea hydrates (in sands only) 

 

Source 
Initial gas (Methane) in place in the 

Black Sea hydrates, tcm 

Krason and Ciesnik, 1988 6.5 

Vassilev and Dimitrov, 2000 0.1-1.0 

Johnson and Max, 2015 2.5 (0.031-20.3) 
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CHAPTER 4  

 

 

DETERMINATION OF GAS HYDRATE PROPERTIES 

 

 

 

It is important to understand gas hydrate properties such as hydrate equilibrium 

points, gas hydrate density, hydrate cage structure, hydration number, and gas hydrate 

enthalpy of dissociation. These parameters are useful for the studies of gas hydrates 

related to gas production from gas hydrate reservoirs, transportation and storage as 

gas hydrates, and the inhibition of hydrate formation during the transportation with 

pipelines (Shahnazar and Hasan, 2014). Gas mixtures are common in the Black Sea 

according to literature survey in Chapter 3. Therefore, the determination of hydrate 

properties of gas mixtures is as important as in case of pure CH4 hydrate. 

 

4.1 Gas Hydrate Equilibrium Point Determination 

 

With huge gas production from conventional natural gas reservoirs, the transportation 

of natural gas with pipelines started in the beginning of 20th century. However, 

especially in winter times, the pipelines were plugged with ice-like structures. 

Although at first it was considered that this plugging was due to ice formation, 

Hammerschmidt (1934) proved that this was due to gas hydrate formation. Then, he 

suggested a formula for hydrate equilibrium points. In this formula, at different 

temperatures, hydrate equilibrium pressures are calculated for natural gas mixtures. 

Then, the number of these practical formulas (Berge method, Motiee method, Sloan 

method, Hammerschmidt method, Katz method, etc.) increased with gas hydrate 

studies (Berge, 1986; Motiee, 1991; Kobayashi et al., 1987; Hammerschmidt, 1934; 

Katz, 1959). However, those formulas are practical only in terms of engineering 

calculations. At high temperatures, the error margins of these equations increase and 

they do not fit the experimental data especially for gas mixtures (Fattah, 2004).   
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In this study, in HEP.m (a code written with Matlab 2014a to predict hydrate 

properties), the formulas of Poettmann et al. (1989) were used for the hydrate 

equilibrium point determination of sI and sII hydrates because this method has several 

advantages: 

 These formulas cover a wide range of pressure and temperature both above 

and below 0 oC (32 F). 

 These formulas are based on the statistical thermodynamic model developed 

by van der Waals and Platteeuw and they are practical for computer 

programming. 

 The formulas can be used for the pure components (CH4, C2H6, C3H8, n-

C4H10, i-C4H10, H2S, CO2 and N2) and their mixtures. 

 The formulas predict the structures and the conditions under which natural 

gas hydrate formation for the three phase equilibria, hydrate-liquid-water-

vapor and hydrate-ice-vapor. 

 

When sI and sII hydrate potentials of the Black Sea are considered, HEP.m code 

including Poetmann et al. (1989)’s formulas could be very beneficial to predict 

hydrate properties. The equations proposed by Poettmann et al. (1989) are shown in 

the following part: 

 

Vapor (gas)-solid (hydrate) equilibrium ratio (Kvs): 

𝐾𝑣𝑠 =
𝑋𝑖

𝑌𝑖
⁄  (4-1) 

Where Xi: mole fraction of a component in the hydrate phase on a water free basis; 

Yi: mole fraction of a component in the vapor phase on a water free basis 

 

For gas mixtures, the equilibrium condition in Equation (4-2) should be satisfied at 

hydrate equilibrium pressure of any temperature (Shahnazar and Hasan, 2014): 

∑ 𝑋𝑖 = ∑
𝑌𝑖

𝐾𝑣𝑠
⁄ = 1.0 

(4-2) 
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As seen in Equation (4-2), Kvs values for the gas components are necessary to satisfy 

the equilibrium condition at hydrate formation conditions. There are different 

formulas for each component according to: 

 sI and sII structures 

 Below and above 0 oC (32 F) 

 With and without H2S 

 

Hydrate Equilibrium Ratio Equations for structure I (sI) hydrate are listed below: 

 

For Methane (CH4): 

 

Above 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 12.9293 − 0.858747𝑙𝑜𝑔(𝑃)

− [5086.41 + 22.2952𝑙𝑜𝑔(𝑃) + 53.1254(𝑙𝑜𝑔(𝑃))
2

− 13.3721(𝑙𝑜𝑔(𝑃))
3

] /𝑇 

(4-3) 

Below 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 5.51493 − 0.933956𝑙𝑜𝑔(𝑃) − 1528.07
𝑇⁄  (4-4) 

 

Correction Factor for C2H6 in mixture: 

𝐶 = 1.0088 − 0.765. 𝑌2 (4-5) 

Where Y2: mole fraction C2H6 in vapor phase  

 

For Ethane (C2H6): 

 

Above 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = −1.47826 + 6.81400𝑙𝑜𝑔(𝑃)

− [3987.54𝑙𝑜𝑔(𝑃) − 1923.55]/𝑇 

(4-6) 
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Below 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 8.1677 − 1.1939𝑙𝑜𝑔(𝑃) − 2935.0
𝑇⁄  (4-7) 

 

For Hydrogen Sulfide (H2S): 

 

Above 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 20.80520 − 8.27846𝑙𝑜𝑔(𝑃) + 1.75247[𝑙𝑜𝑔(𝑃)]2

− [9114.76 − 3114.4𝑙𝑜𝑔(𝑃) + 758.078[𝑙𝑜𝑔(𝑃)]2]/𝑇 

(4-8) 

Below 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 5.99384 − 0.896920𝑙𝑜𝑔(𝑃) − 2458.80
𝑇⁄  (4-9) 

  

For Carbon dioxide (CO2): 

 

Above 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 3.2538 + 3.1190𝑙𝑜𝑔(𝑃) − [660.39 + 1962.5𝑙𝑜𝑔(𝑃)]/𝑇 (4-10) 

  

Below 32 F: 

𝑙𝑜𝑔(𝐾𝑣𝑠) = 5.22349 − 0.956062𝑙𝑜𝑔(𝑃) − 1558.0
𝑇⁄  (4-11) 

 

 

For Nitrogen (N2): 

 

Above 32 F and no H2S: 

𝑙𝑛(𝐾𝑣𝑠) = 174.82 − 44553
𝑇⁄ − 1.43𝑥10−6𝑃 − 0.5996𝑙𝑛(𝑃) + 20.9

𝑃⁄

− 7798
𝑃2⁄ − 0.15963𝑇 

(4-12) 
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Below 32 F and no H2S: 

𝑙𝑛(𝐾𝑣𝑠) = 35.49 + 964
𝑇⁄ − 0.001396𝑃 + 5.603𝑙𝑛(𝑃) − 87.46

𝑃⁄

− 0.06486𝑇 − 2972.6𝑙𝑛(𝑃)
𝑇⁄  

(4-13) 

  

Above 32 F with H2S: 

𝑙𝑛(𝐾𝑣𝑠) = 74.02 − 45325
𝑇⁄ + 5.56𝑥10−5𝑃 − 0.32788[𝑙𝑛(𝑃)]2

+ 815.4
𝑃⁄ − 29564

𝑃2⁄ + 1185861𝑙𝑛(𝑃)
𝑇2⁄  

(4-14) 

  

Below 32 F with H2S: 

𝑙𝑛(𝐾𝑣𝑠) = 8.83643 − 2551.94
𝑇⁄ − 0.00725046𝑃 (4-15) 

 

Where P: hydrate equilibrium pressure at T, psia; T: temperature, Rankine (R) 

 

As stated earlier, even 1 % of C3H8 addition to pure CH4 system, sII hydrate forms if 

there is enough water and hydrate equilibrium conditions are satisfied. The following 

equations are hydrate equilibrium ratio equations for structure II (sII) hydrates and 

they are listed below: 

 

Systems without H2S for sII hydrates below 32 F: 

𝑙𝑛(𝐾𝑣𝑠) = 𝐴 + 𝐵
𝑇⁄ + 𝐶. 𝑃 + 𝐷. 𝑆𝐺 + 𝐸. 𝑇 + 𝐹

𝑆𝐺⁄  (4-16) 

  

Systems without H2S for sII hydrates above 32 F excluding CO2: 

𝑙𝑛(𝐾𝑣𝑠) = 𝐴 + 𝐵. 𝑆𝐺 + 𝐶. 𝑇 + 𝐷
𝑃⁄ + 𝐸

𝑃2⁄ + 𝐹. (𝑃
1000⁄ )

2
+ 𝐺

𝑆𝐺⁄

+ 𝐻. (𝑃
1000⁄ )

3
+ 𝐼. 𝑆𝐺. 𝑃 + 𝐽. 𝑙𝑛(𝑃) + 𝐿. 𝑃 + 𝑀

𝑇⁄  

(4-17) 
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Systems without H2S for sII hydrates above 32 F including CO2: 

𝑙𝑛(𝐾𝑣𝑠) = 𝐴 + 𝐵
𝑇⁄ + 𝐶. 𝑃 + 𝐷

𝑃⁄ + 𝐸
𝑃2⁄ + 𝐹. (𝑃

1000⁄ )
2

+ 𝐺. 𝑇

+ 𝐻. 𝑙𝑛(𝑃) + 𝐼. (𝑃
1000⁄ )

3
 

 

(4-18) 

Systems with H2S for sII hydrates below 32 F: 

𝑙𝑛(𝐾𝑣𝑠) = 𝐴 + 𝐵
𝑇⁄ + 𝐶. 𝑃 + 𝐷. 𝑆𝐺 + 𝐸. 𝑇 + 𝐹. 𝑀𝐹𝐻2 + 𝐺. 𝑀𝐹𝐻3

+ 𝐻
𝑀𝐹𝐻⁄ + 𝐼

𝑀𝐹𝐻2⁄ + 𝐽. 𝑀𝐹𝐻. 𝑆𝐺 + 𝐿. 𝑀𝐹𝐻. 𝑃

+ 𝑀. 𝑀𝐹𝐻 

 

(4-19) 

Systems with H2S for sII hydrates above 32 F: 

𝑙𝑛(𝐾𝑣𝑠) = 𝐴 + 𝐵
𝑇⁄ + 𝐶. 𝑀𝐹𝐻 + 𝐷. 𝑆𝐺 + 𝐸. 𝑙𝑛(𝑃) + 𝐹

𝑃⁄ + 𝐺
𝑃2⁄

+ 𝐻. 𝑇 + 𝐼. (𝑃
1000⁄ )

2
+ 𝐽. (𝑃

1000⁄ )
3

+ 𝐿. 𝑀𝐹𝐻2

+ 𝑀. 𝑀𝐹𝐻3 + 𝑁
𝑀𝐹𝐻⁄ + 𝑂

𝑀𝐹𝐻2⁄ + 𝑄. 𝑆𝐺. 𝑃

+ 𝑅. 𝑀𝐹𝐻. 𝑆𝐺 + 𝑆. 𝑀𝐹𝐻. 𝑃 

(4-20) 

Where SG: specific gravity of hydrate former gases; MFH: mole fraction of H2S 

 

The constants of Equations (4-16), (4-17), (4-18), (4-19) and (4-20) are listed in Table 

4-1, Table 4-2, Table 4-3, Table 4-4 and Table 4-5 (Poettmann et al., 1989) 
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Table 4-1: Coefficients for Equation (4-16) systems without H2S when T≤32 F 

Component A B C D E F 

CH4 3300.3 -2.22E-03 -2.6677 0.02057 -0.3154 -14.011 

C2H6 -28667 -1.36E-02 1.1543 -0.09011 -0.4052 104.745 

C3H8 -30588 -1.32E-02 1.1961 -0.09052 -0.4109 105.7 

n-C4H10 -31089 -1.28E-02 1.2741 -0.099 -0.4578 112.801 

i-C4H10 -32895 -1.29E-02 1.4016 -0.09955 -0.3956 113.76 

CO2 -7472 -4.25E-03 -2.2995 -0.02308 -0.5126 30.294 

N2 6684.3 -1.91E-03 -2.7436 0.02973 -0.2943 -24.033 

 

Table 4-2: Coefficients for Equation (4-17) systems without H2S-CO2 when T>32 F 

Component A B C D E F 

CH4 -3.8862 -2.6891 0.016296 1.098 555.2 -0.01637 

C2H6 -48.4314 0.4489 0.116384 155.330 -9851.5 0.18459 

C3H8 -46.0752 0.4199 0.120725 -135.638 0 -0.30192 

n-C4H10 -48.23 0.0354 0.107702 351.280 -19245 0.25439 

i-C4H10 -54.626 0.1238 0.115242 338.110 -18643 0.24466 

N2 9.5205 -2.2112 0 -11.860 1765.3 -0.02781 

 

Table 4-2 (Continued): 

Component G H I J L M 

CH4 -2.60E-01 0.00089 1.3690E-04 -0.337306 0 0 

C2H6 -1.32568 -0.03029 -2.6146E-04 -1.48522 0 0 

C3H8 -1.4989 0.01152 3.7850E-05 -2.70863 0.0020863 0 

n-C4H10 -1.9692 -0.05415 3.1053E-04 -0.82554 0 0 

i-C4H10 -1.889 -0.05132 2.2811E-04 -0.87306 0 0 

N2 0.08466 0.00759 -2.4974E-04 -0.29777 0 -2494.9 
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Table 4-3: Coefficients for Equation (4-18) systems without H2S 

  Gas Gravity 

Variable 0.6 0.7 0.8 

A 21.3883 9.9559 -9.361 

B -1.08E+04 0 0 

C -1.35E-04 0 0 

D 4.44E+02 81.805 1.40E+02 

E -3.36E+04 -3.47E+03 -5.83E+03 

F 0.013 0.058514 0.05434 

G 0 0.0232328 0.019155 

H 0 -0.20857 -0.00345 

I 0 -0.0110174 -0.011667 

 

Table 4-4: Coefficients for Equation (4-19) systems with H2S when T ≤32 F 

Component A B C D E F 

CH4 7.996 -2005 0.0021282 -0.4281 -0.004387 101.5 

C2H6 20.62 -10098 -0.0152816 1.8777 0.00132 -1131.7 

C3H8 21.29 -11957 -0.0149128 1.9322 0.0012 -1106 

n-C4H10 42.94 -15920 -0.0146068 1.9584 -0.02265 -1487.1 

i-C4H10 39.89 -16542 -0.0142668 1.7369 -0.01792 1268.3 

CO2 69.723 -17706 -0.0048472 1.3265 -0.06597 -1100.6 

N2 3.507 233.3 -0.0016459 -1.15442 -0.001998 850.2 

H2S 9.425 -3806.2 -0.0009575 -1.41287 -0.007137 302.41 

 

Table 4-4 (Continued): 

Component G H I J L M 

CH4 -4177 -7.51E-04 1.15E-06 29.383 -0.04143 0 

C2H6 17110 3.83E-03 -8.07E-06 -5.26 0.05057 0 

C3H8 16705 3.80E-03 -8.04E-06 -5.39 0.04594 0 

n-C4H10 23843 3.58E-03 7.14E-06 0 0.0713 0 

i-C4H10 -15394 0 0 0 0 -58.996 

CO2 30161 -2.78E-03 4.80E-06 0 -0.0484 0 

N2 -14145 -1.66E-02 2.89E-06 0 -0.00818 0 

H2S -6280 -1.45E-03 2.81E-06 19.911 -0.01303 0 
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Table 4-5: Coefficients for Equation (4-20) systems with H2S when T >32 F 

Component A B C D E F 

CH4 22.211 -7356.5 10.2471 -0.97847 -0.21826 45.301 

C2H6 -59.155 1307 -21.646 2.30741 -1.67848 173.97 

C3H8 -78.909 4727 -19.501 2.72931 -1.42448 252.43 

n-C4H10 -140.05 21513 -9.433 4.043 -1.0488 348.91 

i-C4H10 -127.67 16795 0 3.9417 -1.13015 325.97 

CO2 -3.978 -2571 9.322 -0.9707 -0.64167 40.464 

N2 45.129 -11654 15.211 -1.4313 -0.19267 7.99 

H2S 34.346 -11010.1 14.6441 -0.78291 -0.01803 64.734 

 

Table 4-5 (Continued): 

Component G H I J L M 

CH4 -1255.9 -0.01066 0.031552 -0.0001318 -59.589 130.86 

C2H6 -8926.5 0.12746 0.158916 -0.035831 130.248 -285.65 

C3H8 -12792.4 0.14336 0.20902 -0.050435 125.49 -274.61 

n-C4H10 -17587 0.19615 0.2749 -0.065701 242.7 -743.2 

i-C4H10 -16456 0.18546 0.25326 -0.061515 93.8 91.8 

CO2 -1861.8 0.02775 0.029384 -0.0078205 -156.77 739.4 

N2 919.7 -0.03632 0.003146 0.009555 -112.1 375.8 

H2S -2478.2 -0.02981 0.097502 -0.0173543 -76.232 168.1 

 

Table 4-5 (Continued): 

Component N O Q R S 

CH4 -3.82E-04 1.00E-06 3.02E-04 4.2235 -0.00112544 

C2H6 5.79E-04 -9.30E-07 3.09E-04 -9.649 0.00177421 

C3H8 5.92E-04 -8.20E-07 6.02E-04 11.436 0.00161249 

n-C4H10 8.20E-05 6.30E-07 6.69E-04 -34.763 0.0022188 

i-C4H10 2.18E-03 -6.11E-06 6.85E-04 -35.408 0.0018496 

CO2 3.31E-05 1.07E-06 2.69E-04 6.378 -0.00107529 

N2 -3.33E-05 -1.40E-07 -6.05E-04 5.152 -0.00186488 

H2S -4.50E-04 1.14E-06 1.73E-04 3.2308 -0.00110619 
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The formulas and coefficients were explained in the article of Poettmann et al. (1989). 

However, there are some spelling errors or coefficients of some equations were 

mixed. Therefore, in this study, they were corrected and listed again. Moreover, when 

the coefficients proposed in Table 4-1 are used for Equation (4-16) (for systems 

without H2S when T≤32 F), there is no convergence for each component. Then, it 

was concluded that these data set might be wrong because of publication error or 

anything else. Therefore, for HEP.m code, for sII hydrate below 32 F without H2S 

(Equation (4-16)), the coefficients in Table 4-4 is used and very good results were 

obtained. Further discussion about the results of this method is in Chapter 7. 

 

Hydrate equilibrium formulas of Poettmann method, Berge method, Motiee method, 

Sloan method, Hammerschmidt method, Katz method, Kamath method and Moridis 

method based on the hydrate formation in the bulk system (Poettmann et al., 1989; 

Berge, 1986; Motiee, 1991; Kobayashi et al., 1987; Hammerschmidt, 1934; Katz, 

1959; Fattah, 2004; Moridis et al., 2005; Kamath, 1984). They were derived from the 

experimental data of hydrate formed during the mixing of free water and gas in the 

high pressure reactor (mostly constant volume method). However, when gas hydrates 

in nature are evaluated, they form inside the sediments at different pore sizes. In order 

to compare the hydrate equilibrium conditions in bulk conditions and those conditions 

in the sediments, Kang et al. (2007) conducted hydrate experiments in silica gel pore 

of nominal diameters 6, 30, and 100 nm. Then, they compared these data with the 

calculated data in the bulk. 

 

As seen in Figure 4-1, the hydrate equilibrium values for 100 nm pore size (40 to 75 

μm mean particle diameter) are almost similar with the hydrate equilibrium in bulk 

phase. However, when the pore size gets smaller, the hydrate equilibrium curves are 

shifted to left. There is a hydrate inhibition effect in the small pores of silica gel. It is 

known that silica gel is hydrophilic and they attract water molecules and adsorb them. 

This creates the inhibition effect for the hydrate formation (Kang et al., 2007; 

Barmavath et al., 2014; Heeschen et al., 2016b). Similarly, the sediments containing 

hydrate in the nature might include clay mineral such as illite. The adsorption 

capacity of illite is quite high and they attract non-polar molecules such as CH4 and 
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CO2 (Merey, 2013). Adsorption inhibits hydrate formation. This attraction is higher 

in small pores. Therefore, it is expected that hydrate forms in large pores first, and 

then it forms in the small pores of the sediments. The experimental results of Sun et 

al. (2014) support this idea. In many simulation studies, the pore size effect is ignored 

because 100 nm is quite small, as generally the diameter of a grain of sand is larger 

than this value, when hydrates are considered as energy source. However, the pore 

size effect below 100 nm should be considered if the pore sizes of the sediments are 

in this range (Jang and Santamarina, 2016). Uchida et al. (2004) investigated CH4 

hydrate formation and dissociation experimentally in the sediments (common in 

nature) containing silica sand, sandstone, and clays (kaolinite and bentonite) 

separately with different pore sizes. It was observed that pore size is the most 

important parameter affecting hydrate equilibrium conditions compared to adsorption 

mechanism in clays, mineral components and surface texture of minerals (Jang and 

Santamarina, 2016). Similarly, Zang et al. (2013) conducted CH4 hydrate and mixed 

gas hydrate (91.85 % CH4; 5.09 % C2H6; 3.06 % C3H8) formation experiments inside 

sand particles with diameter of 150-250 µm and 250-380 µm at 275 K, 277 K and 

279 K. It was observed that CH4 hydrate formation is faster inside coarser sand 

particles (250-380 µm). Surprisingly, the sand particle size did not have significant 

effect on mixed gas hydrate formation rate. 

 

 

Figure 4-1: A) Hydrate equilibrium of CO2 in silica pores B) Hydrate equilibrium of 

CH4 in silica pores (Kang et al., 2007) 
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In the study of Zhang et al. (2011), hydrate was formed in sediments having two 

layers: coarse sand (1-2 mm particle size) and loess (very fine sediment deposits-

34.5x10-3 mm particle size). As seen in Figure 4-2, (a) two coarse sands bounded 

loess and (b) two loess bounded coarse sand were used in different hydrate formation 

experiments. In both of them, CH4 hydrate formed only or mostly inside coarse sand 

but not in loess sediments.  Therefore, gas hydrate formation is difficult in fine 

sediments compared to coarse sands as described in Figure 3-19 (Jang and 

Santamarina, 2016). Similarly, in the study of Chong et al. (2015c), the behavior of 

CH4 hydrate formed in very fine sand (0.063-0.18 mm), fine sand (0.1-0.5 mm), 

coarse sand (0.56-1.3), and granular pebbles (1.5-3.0 mm) were investigated. It was 

suggested that care must be taken to form CH4 hydrate in laboratory to ensure the 

hydrate morphology and properties similar to that in nature because the presence of 

clay reduces the hydrate formation kinetics significantly (Kumar et al., 2015). Fine 

sediments interbedded with coarse-grained sediments were observed via seismic 

analysis in Paleo-Don and Kuban river fan deposits of the Black Sea (Xing, 2013). 

Therefore, understanding Figure 3-19 is quite important. 

 

 

Figure 4-2: Hydrate configuration in different layered media (water conversion ratio 

is a) 23.1% b) 16.2%) (Zhang et al., 2011) 
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4.2 Gas Hydrate Equilibrium Point Determination with Inhibitors 

 

Addition of inhibitor shifts the hydrate equilibrium curve to left. These inhibitors are 

mainly NaCl, CaCl2, KCl, methanol, ethanol, ethylene glycol, DEG, and TEG. In this 

study and HEP.m code, the following formula for suppression of hydrate dissociation 

temperature was used for different inhibitors (Østergaard et al., 2005): 

∆𝑇 = [𝐶1 + 𝐶2𝑊2 + 𝐶3𝑊3][𝐶4𝑙𝑛(𝑃) + 𝐶5][𝐶6(𝑃0 − 1000) + 1] (4-21) 

Where ∆T: suppression of the hydrate dissociation temperature (in K or oC); P: 

Pressure of the system (in kPa); W: Concentration of the inhibitor in liquid water 

phase (in mass %); P0: Dissociation pressure of hydrocarbon fluid in the presence of 

distilled water at 273.15 K (in kPa); Ci: Constants for the inhibitor (listed in Table 

4-6 and Table 4-7) 

 

Table 4-6: Constants in Equation (4-21) for salts (Østergaard et al., 2005) 

Constants NaCl CaCl2 KCl 

C1 0.3534 0.194 0.305 

C2 1.375E-03 7.580E-03 6.770E-04 

C3 2.433E-04 1.953E-04 8.060E-05 

C4 4.056E-02 4.253E-02 3.858E-02 

C5 0.799 1.023 0.714 

C6 2.25E-05 2.80E-05 2.20E-05 

Max.con (mol %) 26.5 40.6 31.5 

Max.con (mass %) 10 10 10 

AAD % 1.170 1.390 1.080 

 

The equations for the hydrate equilibrium points with inhibitor proposed by 

Østergaard et al. (2005) are valid in the certain ranges. These ranges are shown as 

maximum concentration in Table 4-6 and Table 4-7. These equations are only valid 

when there is one type of inhibitors. However, the mixture of inhibitors might be used 

together to inhibit hydrate formation or to dissociate gas hydrate in nature 

(Mohammadi and Tohidi, 2005; Chapoy, 2014). In order to predict the hydrate 

equilibrium of natural gas with the mixture of inhibitors, some formulas were 

proposed by Ameripour (2005) for the mixtures of NaCl, CaCl2, KCl, methanol, 
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ethylene glycol (EG), TEG and glycerol. These formulas were integrated to HEP.m 

code in this study. 

 

Table 4-7: Constants in Equation (4-21) for organic inhibitors (Østergaard et al., 

2005) 

Constants Methanol Ethanol 
Ethylene 

Glycol 
DEG TEG 

C1 0.478 1.118 38.93 0.343 0.1964 

C2 7.170E-02 -4.48E-03 -0.522 -3.47E-03 -5.81E-03 

C3 -1.440E-05 6.979E-04 1.767E-02 2.044E-04 1.393E-04 

C4 2.947E-02 5.85E-03 3.503E-04 1.80E-02 2.855E-02 

C5 0.596 0.225 5.083E-03 0.3346 0.854 

C6 3.10E-05 3.40E-05 2.650E-05 2.74E-05 3.24E-05 

Max.con 

(mol %) 
43.3 31.2 59.6 51 59.5 

Max.con 

(mass %) 
30 15 30 15 15 

AAD % 1.220 1.80 1.290 1.350 1.700 

 

4.3 Determination of Cage Occupancy of Gas Molecules in Hydrates 

 

For the determination of cage occupancies in the cavities of gas hydrates, it is 

important to understand the thermodynamic models. The most common one was 

derived by van der Waals Platteeuw (vdWP). There is an analogy between this model 

and the Langmuir model of gas adsorption (Sloan and Koh, 2008). The following 

assumptions are made in the model of vdWP (Bouillot and Herri, 2015; Le Quang et 

al., 2016): 

 Each cavity contains one guest molecule at best, 

 The interaction between the guest molecule and the cavity (water molecules) 

can be described by a pair potential function of the pair gas-molecule, 

 The cavities are perfectly spherical, 

 The guest molecules do not deform cavities, 

 There are no interactions between the guest molecules 

The equilibrium condition used in the vdWP model is the equality of the chemical 

potential of water in the hydrate phase, superscript H, and in the other equilibrium 
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phase(s), β representing hypothetical empty gas hydrate lattice, π, which might be 

liquid water, ice, or both, i.e. (Klauda and Sandler, 200): 

∆𝜇𝐻2𝑂

𝐻 = 𝜇𝐻2𝑂

𝛽
− 𝜇𝐻2𝑂

𝐻 = ∆𝜇𝐻2𝑂

𝜋  (4-22) 

The difference between the chemical potential of water in the hypothetical and real 

(filled) hydrate phases is given by 

∆𝜇𝐻2𝑂

𝐻 (𝑇, 𝑃) = −𝑅𝑇 ∑ 𝜗𝑚 ∗ ln (1 − ∑ 𝜃𝑚𝑗

𝑖

)

𝑚

 
(4-23) 

Where 𝜗𝑚is the number of cavities of type m per water molecule in the lattice 

The fraction of cages occupied by a guest is given by a Langmuir adsorption relation: 

𝜃𝑚𝑙(𝑇, 𝑃) =
𝐶𝑚𝑙(𝑇)𝑓𝑙(𝑇, 𝑃)

[1 + ∑ 𝐶𝑚𝑗(𝑇)𝑓𝑗(𝑇, 𝑃)𝑗 ]
 

(4-24) 

Where 𝐶𝑚𝑙 is the Langmuir constant of gas component l in cavities of type m, and 𝑓𝑙 

is the fugacity of gas component l. 

The Langmuir constant of gas component l in cavities of type m: 

 

𝐶𝑚𝑙(𝑇) =
4𝜋

𝑘𝑇
∫ 𝑒𝑥𝑝 [𝑊(𝑟)

𝑘𝑇
⁄ ] 𝑟2𝑑𝑟

𝑅(𝑐𝑒𝑙𝑙)−𝑎

0

 
(4-25) 

 

The solution of Equation (4-25) for the determination of the Langmuir constants of 

gas component is quite difficult and time consuming during the simulations. 

Therefore, the practical formulas for different gases were suggested by Parrish and 

Prausnitz (1972) and it is shown in Equation (4-26) (which is valid between 260 K 

and 300 K), which is an acceptable range for natural gas hydrate reservoirs. These 

formulas are used in this study and codes to calculate the Langmuir constants of CH4, 

C2H6, C3H8, n-C4H10, i-C4H10, CO2, H2S and N2. 

𝐶𝑚𝑙(𝑇) = [
𝐴𝑚𝑙

𝑇⁄ ] 𝑒𝑥𝑝 (
𝐵𝑚𝑙

𝑇⁄ ) (4-26) 

Where Cml: Langmuir constant; T: Temperature, K; Aml: Langmuir constants for 

small cages of sI or sII hydrate (listed in Table 4-8); Bml: Langmuir constants for 

large cages of sI or sII hydrate (listed in Table 4-9) 
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Table 4-8: Parameters for Equation (4-26) between 260 and 300 K for sI hydrate 

(Parrish and Prausnitz, 1972) 

  Small Cage Large Cage 

Gas Aml Bml Aml Bml 

CH4 0.0037237 2708.8 0.018730 2737.9 

C2H6 0.0 0.0 0.006906 3631.6 

C3H8 0.0 0.0 0.0 0.0 

n-C4H10 0.0 0.0 0.0 0.0 

i-C4H10 0.0 0.0 0.0 0.0 

CO2 0.0011978 2860.5 0.008507 3277.9 

H2S 0.0030343 3736.0 0.016740 3610.9 

N2 0.0038087 2205.5 0.018420 2301.3 

 

 

Table 4-9: Parameters for Equation (4-26) between 260 and 300 K for sII hydrate 

(Parrish and Prausnitz, 1972) 

  Small Cage Large Cage 

Gas Aml Bml Gas Aml 

CH4 0.002956 2695.1 0.076068 2202.7 

C2H6 0.0 0.0 0.040818 3038.4 

C3H8 0.0 0.0 0.012353 4406.1 

n-C4H10 0.0 0.0 1.066952 2691.0 

i-C4H10 0.0 0.0 0.015730 4453.0 

CO2 0.0009091 2695.4 0.048262 2571.8 

H2S 0.0023758 3750.6 0.073631 2854.1 

N2 0.0030284 2175.0 0.075149 1860.6 
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The fraction of cages occupied by a guest molecule is calculated by using Equation 

(4-24). In this study and HEP.m code, in order to calculate the fugacity values of pure 

gas component or gas mixtures, modified Peng-Robinson equations of states (EOS) 

was used (Ahmed, 2007) and its codes were written in this study. Moreover, the 

vapor-liquid phase equilibrium for gas or gas mixtures are controlled by using the 

method of Lohrenz et al. (1963) and if there is liquid phase in the system, the fugacity 

values are calculated for both liquid and vapor phases in HEP.m by modified Peng-

Robinson EOS. Then, HEP.m has ability to calculate the cage occupancy of hydrate 

forming pure gases or their mixtures for sI and sII hydrates. 

 

4.4 Determination of Hydration Number 

 

Hydration number (Nh) is defined as molar ratio of water (host) to gas (guest) 

molecules in hydrates (Hester et al., 2007). For example, sI hydrates has 2 small cages 

and 6 large cages. One sI hydrate structure consists of 46 water molecules if all cages 

are fully filled by gas molecules. At these conditions, hydration number for sI hydrate 

is 5.75 (46/8) (Ye and Liu, 2013). However, in real cases, gas molecules cannot fill 

all the cages of hydrates. Depending on gas type, temperature, pressure, salinity etc., 

hydration numbers of sI and sII hydrate vary (Hester et al., 2007; Sloan and Koh, 

2008). Therefore, cage occupation ratio of hydrate formers is important for the 

determination of hydration number. By using Raman spectra, the cage occupancy and 

type of gas hydrate can be determined experimentally (Kida et al., 2015). The 

following equations are also used for the hydration number (Nh) predictions 

(Subramanian et al., 2000; Kida et al., 2009): 

𝐹𝑜𝑟 𝑠𝐼 𝐻𝑦𝑑𝑟𝑎𝑡𝑒: 𝑁ℎ =
23

3 ∑ 𝜃𝐿𝑗 + ∑ 𝜃𝑠𝑗𝑗𝑗
 

(4-27) 

 

𝐹𝑜𝑟 𝑠𝐼𝐼 𝐻𝑦𝑑𝑟𝑎𝑡𝑒: 𝑁ℎ =
17

∑ 𝜃𝐿𝑗 + 2 ∑ 𝜃𝑠𝑗𝑗𝑗
 

(4-28) 

Where θLj: Cage occupancy of gas j in the large cages of hydrate; θsj: Cage 

occupancy of gas j in the small cages of hydrate. 
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Equation (4-27) and Equation (4-28) were also used in HEP.m code in this study to 

calculate the hydration numbers of pure and mixed gas hydrates. 

  

4.5 Determination of Molecular Weight and Density of Gas Hydrates 

 

For the determination of molecular weight and density of gas hydrates, the chemical 

formula of hydrate should be known. However, as seen in Equation (2-1), hydrates 

are non-stoichiometric compounds due to varying hydration number (Nh). Hence, 

after the determination of Nh, molecular weight and density of gas hydrates are 

calculated by using Equations (4-29), (4-30), and (4-31) (Adapted from Makogon, 

1997; Sloan and Koh, 2008): 

𝑀𝑊ℎ = 𝑁ℎ𝑀𝑊𝐻2𝑂 + ∑ 𝑀𝑊𝑗

𝑗

𝑋𝑗 
(4-29) 

Where MWh: Molecular weight of hydrate; MWj: Molecular weight of component j, 

Xj: Mole fraction of component j 

𝐹𝑜𝑟 𝑠𝐼 𝐻𝑦𝑑𝑟𝑎𝑡𝑒: 𝜌ℎ =
8𝑀𝑊𝐻2𝑂𝑁ℎ + 2 ∑ 𝑀𝑊𝑗𝑗 𝜃𝑠𝑗 + 6 ∑ 𝑀𝑊𝑗𝑗 𝜃𝐿𝑗

1040.774
 

(4-30) 

𝐹𝑜𝑟 𝑠𝐼𝐼 𝐻𝑦𝑑𝑟𝑎𝑡𝑒: 𝜌ℎ =
24𝑀𝑊𝐻2𝑂𝑁ℎ + 16 ∑ 𝑀𝑊𝑗𝑗 𝜃𝑠𝑗 + 8 ∑ 𝑀𝑊𝑗𝑗 𝜃𝐿𝑗

3118.53
 

(4-31) 

Where ρh: Hydrate density, g/cm3; Nh: Hydration number; θLj: Cage occupancy of 

gas j in the large cages of hydrate; θsj: Cage occupancy of gas j in the small cages of 

hydrate; MWj: Molecular weight of component j, Xj: Mole fraction of component j 

 

4.6 Determination of Enthalpy of Hydrate Dissociation 

 

Gas hydrate formation is an exothermic process. Therefore, while hydrate formation, 

heat is released. Reversely, gas hydrate dissociation is an endothermic process and 

heat is necessary for dissociation. The enthalpy of hydrate dissociation is defined as 

the energy needed for the dissociation per unit mole of hydrate. It changes with the 

type of gas and gas hydrate, salinity, temperature, and pressure (Sloan and Koh, 2008; 

Carroll, 2009).  
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Table 4-10: Hydrate formation enthalpy for three phase conditions of single natural 

gas components (Kamath, 1984) 

Component Type T Range (oC) a x (10-3) b 

CH4 Lw-H-V 0 to 25 13.521 -4.02 

CH4 I-H-V -25 to 0 6.534 -11.97 

C2H6 Lw-H-V 0 to 14 13.254 -15.00 

C2H6 I-H-V -25 to 0 8.458 -9.59 

C3H8 Lw-H-V 0 to 5 -37.752 250.09 

C3H8 I-H-V -25 to 0 7.609 -4.90 

CO2 Lw-H-V 0 to 11 19.199 -14.95 

CO2 I-H-V -25 to 0 9.290 -12.93 

N2 Lw-H-V 0 to 25 6.188 18.37 

N2 I-H-V -25 to 0 4.934 -9.04 

H2S Lw-H-V 0 to 25 6.782 31.45 

H2S I-H-V -25 to 0 8.488 -7.81 

 

The enthalpy of hydrate dissociation is quite important to simulate gas production 

from gas hydrate reservoirs. During gas hydrate dissociation, the temperature of 

hydrate zone decreases because of endothermic nature of hydrate if there is no 

external heat supply (Kamath, 1984; Selim and Sloan, 1989; Moridis et al., 2005; Alp 

et al., 2007; Gaddipati, 2008). Hence, during gas production from hydrate reservoirs 

and simulation studies, the enthalpy of hydrate dissociation must be known very well. 

Similarly, if pipelines are plugged by gas hydrates, the amount of heat applied to 

pipelines is determined according to the enthalpy of hydrate dissociation. The 

enthalpy of hydrate dissociation and the enthalpy of hydrate formation are equal to 

each other if hydrate is formed by single (pure) guest (Zheng et al., 2015). There are 

different formulas to calculate the enthalpy of hydrate dissociation. Although the 

effect of pressure on the enthalpy of hydrate dissociation is ignored in the formula of 

Kamath (1984) in Equation (4-32), it is commonly used in the simulation studies of 

CH4 hydrate reservoirs such as in HydrateResSim and Tough+Hydrate (Gaddipati, 

2008; Moridis et al., 2005; Moridis, 2014).  
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∆𝐻𝑑𝑖𝑠 = 𝑎 +
𝑏

𝑇
 

(4-32) 

Where ∆Hdis: Enthalpy of hydrate dissociation, cal/gmol; T: Temperature, K; a and 

b: Constants (listed in Table 4-10) 

 

Kamath (1984)’s enthalpy of hydrate dissociation formulas is commonly used but 

they cannot be used for gas hydrates of natural gas mixtures. The Clausius-Clapeyron 

equation can be used for the hydrates of pure gases or natural gas mixtures and the 

effect of pressure on enthalpy is not ignored with this equation (Makogon, 1997; 

Sloan and Koh, 2008). In Equation (4-33), the equation of the Clausius-Clapeyron is 

shown: 

𝑑𝑙𝑛𝑃

𝑑(1 𝑇⁄ )
= −

∆𝐻𝑑𝑖𝑠

𝑧𝑅
 

(4-33) 

Where P: hydrate equilibrium pressure; ∆Hdis: Enthalpy of hydrate dissociation, 

kJ/mol; T: Temperature, K; R: Universal gas constant (8.3144621 J/mol. K); z: 

compressibility factor 

 

After the determination of hydrate equilibrium pressures of CH4 or natural gas 

mixture with/without inhibitor at different temperatures, the graph of lnP and 1/T is 

drawn. The slope is equal to ∆H/zR. Gas compressibility (z) values at different 

pressures and temperatures for different gas mixtures are determined with the 

modified Peng-Robinson EOS (Ahmed, 2007) in this study (HEP.m code). Then, the 

enthalpy of gas is determined. According to Sloan and Koh (2008), there is a good 

agreement between the enthalpy of hydrate dissociation data in literature and these 

data calculated with Clausius-Clapeyron equation for simple (pure) hydrates. Similar 

results were also obtained in the study of Nasir et al. (2014) for pure CH4 and CO2 

hydrates. Moreover, the Clausius-Clapeyron equation can be used for gas mixtures. 

Veluswamy et al. (2015) used this equation to determine the enthalpy of hydrate 

dissociation for H2 and C3H8 gas mixture at different concentrations by using the 

experimental data and then, they obtained good results. For this reason, in this study 
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(HEP.m code), the Clausius-Clapeyron equation is used to calculate the enthalpy of 

hydrate dissociation or formation of both pure and mixed gas hydrates. 

 

4.7 Determination of the Geomechanical Properties of Gas Hydrates 

 

In numerical simulations, some properties (i.e thermal conductivity, geomechanical 

properties) of CH4 hydrate are necessary. These properties of CH4 hydrate, 

tetrahidrofuran (THF) hydrate and ice are compared in Table 4-11.  

 

Table 4-11: Properties of CH4 and THF, their hydrates, and water ice (Adapted from 

Lee et al., 2007) 

Property Methane 
Tetrahydrofuran 

(THF) 
Ice  

Molecular Formula CH4 C4H8O  H2O 

Hydrate structure sI sII - 

Molecular Size, A 4.36 6.3 1.8 

Heat capacity, kJ/(kg.K), at 270 K 2.07 2.07 2.1 

Heat of dissociation, kJ/ kg, at 273 

K 
338.7 262.9 333.5 

Thermal conductivity, W/(m. K) 
0.5  

@ 270 K 
0.5 @ 270 K 2.2 @ 263 K 

Thermal diffusivity, m2/s 
3e-7 @ 

270 K 
2.8E-7 @ 270 K 

8.43E-7 @ 

273 K 

Density, kg/m3 at 273 K 910 910 917 

Adiabatic bulk compressibility, Pa, 

at 273 K 
1.40E-10 1.40E-10 1.20E-10 

Isothermal Young’s modulus, Pa, 

at 268 K 
8.40E+09 8.20E+09 9.50E+09 

Strength, MPa 2 to 10 0.9 to 44 0.6 to 1 

 

THF is in liquid phase that forms its sII hydrate at almost atmospheric conditions. 

Therefore, it is easy to conduct geomechanical experiments on THF hydrate 

compared to CH4 hydrate because CH4 hydrate forms at very high pressures (Le et 
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al., 2007). Compressibility, Young’s modulus and density values are close to each 

other. However, not all properties are similar. The thermal conductivity of ice is 

around 4.4 times higher than those in CH4 and THF hydrates. Because of low thermal 

conductivity in gas hydrates, heat transfer is quite slow. This is a big problem because 

hydrate dissociation is an endothermic process. Hence, with increasing hydrate 

saturation, hydrate formation creates a heating barrier (Meindinyo et al., 2015). The 

strengths of THF and CH4 hydrates are higher than ice. The similar properties among 

these three components are commonly used for especially CH4 hydrate studies (Waite 

et al., 2009). The thermal conductivities of the sediments near gas hydrate zone are 

also important. For instance, if there are sediments containing salts near gas hydrate 

zone, it might decrease hydrate zone thickness due to high thermal conductivity of 

salt (approximately 6 times greater than adjacent sedimets ~6 W/ m.K) (Rogers, 2015; 

Rajput and Thakur, 2016). 

 

4.8 Determination of Thermal Properties of Gas Hydrates 

 

The specific heat is defined as the amount of heat per unit mass required in order to 

increase temperature by one degree Celsius or Kelvin depending on their unit (Waite 

et al., 2009). For the specific heat of gas hydrate of natural gas mixtures, a formula 

was suggested in Equation (4-34): 

𝐶𝑝 =
4.5𝑅 + 18𝑁ℎ[2.3 + 8.4732𝑒−3(𝑇 − 273.15)]

𝑀𝑛𝑔 + 18𝑁ℎ
 

(4-34) 

Where Cp: specific heat of natural gas, J/g.K; Nh: hydration number; T: Temperature, 

K; Mng: Molecular mass of natural gas 

 

It is known that 99 % of gas hydrates in nature is CH4 hydrate. Therefore, Waite et 

al. (2007) conducted experiments to determine the specific heat of gas hydrates at 

31.5 MPa confining pressure because during thermal experiments such as thermal 

conductivity and specific heat, there should be no pore spaces as much as possible. 

Then, they suggested Equation (4-35) between 1 oC and 17 oC. 
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𝐶𝑝 = 6.1𝑇 + 2160 (4-35) 

Where Cp: specific heat of CH4 hydrate, J/kg.K; T: Temperature, oC 

 

The experimental data and Equation (4-35) of Waite et al. (2007) were compared 

with the experimental data at 3.0 MPa overburden pressure and Equation (4-36) of 

Handa (1986) and good agreement (~5 % difference) was obtained between the 

results. 

 

𝐶𝑝 = 2100 − 7.07𝑇 + 1.231𝑒−2𝑇2 + 5.08𝑒−2𝑇3 (4-36) 

Where Cp: specific heat of CH4 hydrate, J/kg.K; T: Temperature, oC 

 

Similarly, the thermal conductivity (Equation (4-37) for -20 and 17 oC) and thermal 

diffusivity formulas (Equation (4-38) for 1-17 oC) of Waite et al. (2007) are 

commonly used. Equation (4-37) is only used to calculate thermal conductivity of gas 

hydrate (Some experimental thermal conductivity data of gas hydrates is shown in 

Figure 4-3-a). However, in nature, gas hydrate forms in the sediments. Hence, there 

are several composite thermal conductivity equations accounting thermal 

conductivity of gas hydrate, sediments, water and gases (Moridis et al., 2005; Sloan 

and Koh, 2008). Some experimental composite thermal conductivity data is shown in 

Figure 4-3-b. 

𝜆 = −2.78𝑒−4𝑇 + 0.62 (4-37) 

Where λ: thermal conductivity of CH4 hydrate, W/m.K; T: Temperature, oC 

𝜅 =
5.04𝑒−5

273.15 + 𝑇
+ 1.25𝑒−7 

(4-38) 

Where κ: thermal diffusivity of CH4 hydrate, m2/s; T: Temperature, oC 
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Figure 4-3: a) Thermal conductivities of pure ice, THF hydrate, methane hydrate, 

propane hydrate, pure water and methane gas in literature b) Composite thermal 

conductivities in sediments (Sloan and Koh, 2008) 

 

4.9 Flash Calculations in Gas Hydrates 

 

sII hydrates can be found in the Black Sea, the Marmara Sea, Caspian Sea and Gulf 

of Mexico (Hester and Brewer, 2009; Bourry et al., 2009). They form from natural 

gas mixtures. Moreover, the transportation of natural gases as in gas hydrate form is 

commonly studied by scientists. Therefore, it is important to understand the gas 

composition change of natural gas mixture during gas hydrate formation and for the 

determination of gas hydrate equilibrium conditions. The Rachford-Rice-form 

equation is commonly used in the flash calculations (Carroll, 2009): 

𝑓(𝑉) = ∑
𝑧𝑖(1 − 𝐾𝑖)

1 + 𝑉(𝐾𝑖 − 1)
 

(4-39) 

Where zi: the composition of the feed on a water-free basis; V: vapor phase fraction; 

Ki: Vapor (gas)-solid (hydrate) equilibrium ratio 
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Equation (4-39) should be equal to zero and with the iterative solution, this equation 

is equalized to zero by changing V (gas-hydrate equilibrium ratio) values. However, 

this equation does not include non-hydrate forming gases. Therefore, the following 

equations are suggested (Carroll, 2009): 

𝑓(𝑉) = ∑
𝑧𝑖(1 − 𝐾𝑖)

1 + 𝑉(𝐾𝑖 − 1)
ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑓𝑜𝑟𝑚𝑒𝑟

+ ∑
𝑧𝑖

𝑉
𝑛𝑜𝑛 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑓𝑜𝑟𝑚𝑒𝑟

 
(4-40) 

 

When V is calculated by iteration, the following equation can be used to calculate 

vapor phase compositions (yi) for hydrate formers: 

𝑦𝑖 =
𝑧𝑖𝐾𝑖

1 + 𝑉(𝐾𝑖 − 1)
 

(4-41) 

Vapor phase compositions (yi) for non-hydrate formers are shown in Equation (4-42): 

𝑦𝑖 =
𝑧𝑖

𝑉
 (4-42) 

The compositions of solid phase (si) is calculated from: 

𝑠𝑖 =
𝑦𝑖

𝐾𝑖

 (4-43) 
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CHAPTER 5  

 

 

GAS HYDRATE PRODUCTION MODELLING 

 

 

 

Numerical simulation of gas production from gas hydrate reservoirs in laboratory 

scale and reservoir scale is very important for gas hydrate studies because there are 

not many real gas production data from gas hydrate reservoirs. There are several 

numerical codes for the simulation of gas production from hydrate reservoirs. Those 

are listed in Table 5-1.  Most of these codes are used to simulate gas production from 

hydrate reservoirs by using depressurization, thermal injection, chemical injection 

and combination of these production methods. Differently, STOMP-HYD-KE is used 

to simulate CH4-CO2 swapping production method. Recently, HydrateResSim 

numerical simulator was modified as Mix3HydrateResSim to simulate CH4-(CO2/N2) 

swapping method and the results were compared with the data of Ignik Sikumi pilot 

project (Garapati, 2013). The assumptions, equations, formulas, etc. of these 

numerical codes vary. In order to compare the results of these codes (Tough+Hydrate, 

HydrateResSim, MH-21, CMG-Stars, STOMP and the code of University of 

Houston), the code comparison project of the National Energy Technology 

Laboratory (NETL) and the U.S Geological Survey (USGS) was held in 2008 

(Moridis et al., 2005; Moridis, 2014; Janicki et al., 2014; Kurihara et al., 2004; White, 

2011; Bhade and Phirani, 2015; Gaddipati, 2008). For seven problems, these codes 

were run and the codes were compared. For instance, the gas production from the 

hydrate reservoir in a two-dimensional radial domain (10 m hydrate zone in bounded 

vertically by two 25 m shale zones) was simulated for depressurization at 2.7 MPa 

by these six codes. As seen in Figure 5-1, the cumulative and water production are 

not same for all codes but the production behavior is similar. Similar to the codes 

used in the comparison study, there are other codes written by several scientists and 

they are used to simulate gas production from gas hydrate reservoirs and they are 

used for laboratory scale simulation. 
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Table 5-1: Reservoir simulators used for hydrate reservoirs (Adapted from Garapati, 

2013) 

Name Owner Capabilities 
Source 

Availability 

HydrateResSim 

Lawrence Berkeley, 

National 

Laboratory, 

National Energy 

Technology 

Laboratory 

Kinetics and 

Equilibrium Model 

(CH4 hydrate) 

Free Open Source 

Code 

CMG Starts 

Computer 

Modelling Group 

Ltd. 

Kinetics and 

Equilibrium Model 

(CH4/CO2 hydrates) 

Commercial Code 

MH-21 HYDRES 

National Institute of 

advanced Industrial 

Sciences and 

Technology, Japan. 

Kinetics and 

Equilibrium Model 

(CH4 hydrate) 

Only MH-21 

consortium 

TOUGH+HYDRATE 
Lawrence Berkeley 

National Laboratory 

Equilibrium and 

Kinetics Model 

(CH4 hydrate) 

Free for U.S. 

Government, 

Collaborator and 

Available for 

purchase 

Code from University 

of Houston 

University of 

Houston 

Kinetic Model 

(CH4 hydrate) 
Not Available 

HYRES 
German Sugar, 

Umsicht 

Kinetic Model 

(CH4 hydrate) 
Not Available 

STOMP-HYD-KE 
Pacific Northwest 

National Laboratory 

Kinetics and 

Equilibrium Model 

(CH4-CO2 mixed 

hydrate) 

Free for U.S. 

Government, 

Collaborator and 

Available for 

purchase 

Mix3HydrateResSim 

National Energy 

Technology 

Laboratories 

(NETL) 

Kinetics and 

Equilibrium Model 

(CH4-CO2-N2 mixed 

hydrate) 

Not Available 
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Figure 5-1: a) Cumulative gas production b) Water production (Gaddipati, 2008) 

 

5.1 Reservoir Scale Simulations 

 

Reservoir scale simulations are mainly conducted for Class 1, Class 2 and Class 3 

CH4 hydrate reservoirs. Class 1 hydrates are considered as the most important target 

among these three classes.  Li et al. (2012b) developed a general-purpose simulator 

for gas hydrates and their simulator includes kinetics of hydrate dissociation, heat and 

multi-phase flow. During the simulations of depressurization for Class 1 hydrates, it 

was found that both free gas and hydrate dissociation have good effects on gas 

production rate. With hydrate dissociation, temperature, pressure, and hydrate 

saturation decreased. Moreover, Moridis et al. (2013) simulated gas production by 

depressurization and depressurization with wellbore heating from Class 1G (free gas 

in hydrate zone) and Class 1W (free water in the hydrate zone) CH4 hydrate 

reservoirs. The results showed that there is a risk hydrate reformation along the 

wellbore during depressurization for Class 1W hydrate reservoir, so the wellbore 

heating is important. However, for the Class1 G hydrate reservoir, the gas production 

results with depressurization and depressurization combined with wellbore heating 

are almost same. This study shows that especially in Class 1G hydrate reservoirs, 
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depressurization is very effective. Similar observations were obtained in the study of 

Alp et al. (2007). According to Moridis et al. (2008), Moridis et al. (2008b) and 

Giavarini and Hester (2011), Class 1G hydrates are likely to be more common than 

Class 1W deposits. However, currently, there are not enough real field examples or 

studies to support this idea of Moridis et al. (2008) and Moridis et al. (2008b). In the 

other studies of Moridis and Collett (2003) and Moridis (2003), EOSHYDR2 codes 

were used to compare the simulation results of Class 1, Class 2 and Class 3. 

According to the results, depressurization method was very effective in Class 1 

hydrate reservoirs. For Class 2 and 3 hydrate reservoirs, it was proposed that the 

combination of depressurization and thermal stimulation might be necessary if 

reservoirs properties are appropriate (high effective permeability) in terms of 

depressurization. Class 1 hydrate reservoirs are the most preferred hydrate reservoirs 

but there is an argument about whether Class 3 or Class 2 hydrate reservoirs are 

second preferred gas hydrate reservoirs. According to the simulations of Class 2 

hydrate reservoir in the study of Moridis and Kowalsky (2005), if the aquifer below 

hydrate section is strong, depressurization is very difficult and water production rate 

is high. Moreover, thermal heating might be necessary. Therefore, it is obvious that 

depending on the hydrate properties, hydrate saturation, effective permeability of 

hydrate zone and bounding layers, temperature and pressure conditions, Class 3 or 

Class 2 hydrate reservoirs might be the most preferred between these two reservoirs 

(Moridis et al., 2013). Yang et al. (2014) simulated Class 3 gas hydrate reservoir by 

using the data of Shenhu site SH7 area hydrate reservoirs in China with 

HydrateResSim numerical simulator. It was proposed that horizontal drilling and 

depressurization with thermal heating might provide high gas production from Class 

3 hydrates. Differently, Konno et al. (2016) proposed that the cyclic depressurization 

method could be advantageous according their numerical study. The cyclic 

depressurization method is the alternating depressurization and shut-in periods over 

decades. In their numerical study for Class 3 hydrate reservoir, the recovery factor 

increased from 42.4 % to 71.5 % with cyclic depressurization method. 

 

Although there may be thermodynamic reasons for the classification of Class 1 and 

Class 2 reservoirs, there is little difference between Class 1W, Class 1G and Class 2 
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in terms of geology. They all occur in sands bounded by impermeable beds and 

essentially pass through or are physically transitional from the gas hydrate stability 

zone (GHSZ) where the natural gas hydrate (NGH) is located to below, where the 

mineralizing solutions are migrating into the GHSZ. When depressurization is 

applied, all of Class 1W, Class 1G and Class 2 hydrate reservoirs will converge into 

a situation where free gas will tend to overlie water below NGH. Once NGH 

dissociates, there is going to be gas and water all over the place within the dissociation 

envelope - and it is all going to start to move.  Some amount of free gas will be 

maintained within the reservoir for a number of hydraulic recovery reasons and the 

dissociation rate will be matched with the extraction rate to maintain a desired level 

of gas in the reservoir. The exception is permafrost hydrate. Where the GHSZ extends 

below the level of ice stability, there will be plenty of water and gas.  Where the NGH 

is in the ice or cryo zone, persistence of water may be hard to predict, especially 

because dissociation is an endothermic reaction (Personal communication with Dr. 

Michael D. Max, 2016). 

 

As well as the type of gas hydrate reservoirs, the properties of the boundaries of 

hydrate reservoirs are also important and the detailed information about them should 

be collected during exploration studies. During hydrate dissociation, these boundaries 

behave like constant temperature boundary and there are heat fluxes from these 

boundaries through hydrate sections and this provides additional hydrate dissociation 

(Alp et al., 2007; Merey and Sinayuc, 2015). Li et al. (2013b) and Sun et al. (2015) 

conducted gas production simulations from hydrates for different types of boundaries 

by using Tough+Hydrate. Their study shows that gas production with the 

impermeable system (impermeable top and bottom boundaries of hydrate formation) 

is much stronger than those with the open (permeable top and bottom boundaries) 

and semi-open (permeable top boundary and impermeable bottom boundary) system. 

Especially if hydrate reservoir is close to sea floor, permeable boundaries might cause 

gas seepages from sea floor and this sudden release of gas can cause environmental 

problems. Moreover, Bahade and Phirani (2015) modelled gas production from Class 

2 hydrate reservoir and their results showed that depressurization in Class 2 hydrate 

reservoir is inefficient if the aquifer layer permeability is high because this way, the 
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pressure in hydrate section cannot be decreased easily. Similarly, Boswell and Collett 

(2016) proposed that although impermeable boundaries are optimum for gas 

production from gas hydrates, also permeable boundaries above and below gas 

hydrate layer might exist in nature. For this reason, the detailed characterization of 

gas hydrate zones and their boundaries is essential. 

 

As seen in Table 5-1, most of hydrate simulators have two options: kinetic model and 

equilibrium model. In equilibrium model, hydrate in a grid dissociates suddenly when 

pressure and temperature conditions are outside of the hydrate equilibrium curve. 

However, in kinetic model, hydrate dissociation rate depends on fugacity differences 

of equilibrium pressure and depressurization pressure. In the study of Kowalsky and 

Moridis (2007), the thermal stimulation-induced production from Class 3 reservoir, 

the simulations of the depressurization-induced production from Class 3 reservoir, 

the constant rate production from Class 1 reservoir and depressurization-induced 

production from a small core sample were run by using Tough+Hydrate. Except the 

simulation of small core sample, in other large scale simulations, the kinetic and 

equilibrium model gives similar results though small differences in the early times.  

 

5.2 Laboratory Scale Simulations 

 

Experimental studies related to gas hydrates are quite important especially when there 

are not much field data available of gas hydrate reservoirs. Therefore, experimental 

studies are essential to investigate gas production from gas hydrates; also, they give 

necessary data for the simulation studies. Previously, the volumes of high pressure 

cells were quite small for gas production experiments from gas hydrates. Masuda et 

al. (1999) conducted depressurization experiments in a 589 cm3 high pressure 

cylindrical cell. Similarly, the depressurization experiments on Berea sandstone were 

conducted in a 171 cm3 cylindrical high pressure cell by Yousif et al. (1991). 

Experimental studies of Masuda et al. (1999) were simulated by different scientists 

(Ruan et al., 2012; Zhao et al., 2012c; Gamwo and Liu, 2010). In all these studies, 

with the kinetic equation of Kim et al. (1987), there is a good fit to the experimental 

study of Masuda et al. (1999). Moreover, Gamwo and Liu (2010) compared the 
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results of kinetic and equilibrium model options of HydrateResSim, and there is a big 

difference between the results. Similar results were obtained in the study of Kowalsky 

and Moridis (2007) for a small core sample. According to all of these results, the 

kinetic-controlled mechanism (dissociation controlled) is important for the gas 

production at the cases of smaller scales while the production process is more likely 

to be flow-controlled for the cases of larger (reservoir) simulation scale. 

 

In order to simulate gas production from gas hydrate reservoirs experimentally, 

recently high volumes are preferred in high pressure cells (reactors) compared to the 

small high pressure cells used in the past for gas production experiments from gas 

hydrates. Li et al. (2014) conducted depressurization experiments in hydrate 

sediments inside a high pressure reactor (PHS~117.8 L). Moreover, they ran the 

simulations with the equilibrium models and kinetic models of Tough+Hydrate and 

they observed that the kinetic limitations are very small in the PHS because hydrate 

dissociation under depressurization in the PHS is mainly flow controlled, which is 

similar to the reservoir conditions. The laboratory scale numerical simulation is very 

important to compare the experimental data and numerical data. For example, Li et 

al. (2015) compared the experimental data of gas production from hydrate deposited 

in 4.95 L reactor by depressurization using Tough+Hydrate. Similar results were 

observed. This means that gas hydrate formed in the sediments almost homogenously 

and all equipment such as pressure transducers, thermocouples, gas flow meters, etc. 

run appropriately.  

 

5.3 HydrateResSim 

 

In this study, in order to design a high pressure cylindrical reactor for gas production 

experiments from gas hydrate sediments at the Black Sea conditions, HydrateResSim 

numerical simulator was used. Similar to pilot-scale hydrate simulator (PHS~117.4 

L), the aim of this study is to design a high pressure reactor which can simulate real 

conditions of gas hydrates in the Black Sea experimentally. Therefore, in this study, 

HydrateResSim was chosen to decide on the size of high pressure reactor and also 

other experimental set-up equipment selections. Moreover, HydrateResSim was used 
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to simulate gas production from the hypothetical Class 1 and Class 3 CH4 hydrate 

reservoirs in the Black Sea. 

 

HydrateResSim is a numerical code to predict gas production from gas hydrate 

reservoirs. It was written in Fortran 95/2003 language. Basically, HydrateResSim has 

ability to simulate non-isothermal gas production from gas hydrates, two phase flow 

(aqueous and gaseous) and heat transfer in CH4 hydrate reservoirs by solving mass 

balance equation of water, mass balance equation of CH4 and heat balance equation. 

The model equations are obtained by incorporating the multiphase Darcy’s law for 

gas and liquid into both the mass component balances and the energy conservation 

equations.  There are two sub-models in HydrateResSim for hydrate dissociation: the 

kinetic model and the equilibrium model. HydrateResSim can be used from 

laboratory scale simulation to reservoir scale simulation (i.e., gas hydrates in the 

permafrost and in marine sediments) at which Darcy’s law is valid. It can be used for 

depressurization, thermal injection, chemical injection or their combination. 

HydrateResSim cannot simulate geomechanical changes during gas production from 

gas hydrates such as sand production and reservoir subsidence. HydrateResSim can 

be used when reservoir pressure is less than 100 MPa (6800 psi). HydrateResSim can 

only simulate gas production from CH4 gas hydrate reservoirs (Moridis et al., 2005). 

 

Mass and heat balance considerations in every subdomain (grid-block) into which the 

simulation domain is subdivided by the integral finite difference method (Moridis et 

al., 2005; Gamwo and Liu, 2010): 

 

𝑑

𝑑𝑡
∫ 𝑀𝜅𝑑𝑉

𝑉𝑛
= ∫ 𝐹𝜅 . 𝑛𝑑𝑉

𝛤𝑛
+∫ 𝑞𝑘𝑑𝑉

𝑉𝑛
 (5-1) 

Where, V, Vn : volume, volume of subdomain n (L3); Mk: mass accumulation term of 

component 𝜅 (kg/m3); A, Γn: surface area, surface area of subdomain n (L2); Fκ : 

Darcy flux vector of component (kg m-2s-1); qκ: source/sink term of component (kg m-

3 s-1); t: time (T), second (s) 
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Mass Accumulation: 

𝑀𝜅 = ∑ 𝜑

𝛽:𝐴,𝐺,𝐼

𝑆𝛽𝜌𝛽𝑋𝛽
𝜅 , 𝑘: 𝑤, 𝑚, 𝑖 (5-2) 

Where φ: porosity; ρβ: density of phase β (kg m-3); Sβ: saturation of phase β; 𝑋𝛽
𝑘: 

mass fraction of component κ: w,m,c in phase β (kg/kg) 

 

Heat Accumulation: 

𝑀ℎ = (1 − 𝜑)𝜌𝑅𝐶𝑅𝑇 + ∑ 𝜑𝑆𝛽𝜌𝛽𝑈𝛽 + 𝑄𝑑𝑖𝑠𝑠

𝑛

𝛽=𝐴,𝐺,𝐻,𝐼

 
(5-3) 

Where 𝑄𝑑𝑖𝑠𝑠 = {
𝜑𝜌𝐻∆𝑆𝐻∆𝐻𝑜 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛

0                  𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛
   

 φ: porosity; ρR: rock density (kg m-3); CR: heat capacity of the dry rock (J kg-1 K-1); 

𝑈𝛽 : specific internal energy of phase β (J/kg),  ∆𝑆ℎ: change in the hydrate saturation 

over the current time step; ∆𝑈𝐻: specific enthalpy of hydrate dissociation / formation 

(J/kg) 

 

Flux Term:  

The mass fluxes of water, CH4 and inhibitor include contributions from the aqueous 

and gaseous phases: 

𝐹𝜅 = ∑ 𝐹𝛽
𝜅

𝜅:𝐴,𝐺

 
(5-4) 

Where k: w, m, i      For hydrate phase:  𝐹𝑐 = 0           (5-5) 

For aqueous phase: 𝐹𝐴 = −𝑘
𝑘𝑟𝐴𝜌𝐴

𝜇𝐴
(𝛻𝑃𝐴 − 𝜌𝐴𝑔)                                                (5-6) 

For gas phase: 𝐹𝐺
𝜅 = −𝑘𝑜 (1 +

𝑏

𝑃𝐺
)

𝑘𝑟𝐺𝜌𝐺

𝜇𝐺
𝑋𝐺

𝜅(𝛻𝑃𝐺 − 𝜌𝐺𝑔) + 𝐽𝐺
𝜅, k:w,m             (5-7) 
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For heat (Conduction, Advection, Radioactive heat transfers): 

𝐹h = −[(1 − 𝜑)𝐾𝑅 + 𝜑(𝑆𝐻𝐾𝐻 + 𝑆𝑖𝐾𝑖 + 𝑆𝐴𝐾𝐴 + 𝑆𝐺𝐾𝐺)]𝛻𝑇 + 𝑓𝜎𝜎𝑜 𝛻𝑇4

+ ∑ h𝛽𝐹𝛽

𝑘=𝐴, 𝐺

 

(5-8) 

Where k: rock instrinsic permeability (m2); krA: relative permeability of the aqueous 

phase;   µA: viscosity of the aqueous phase (Pa s); PA: Pressure of the aqueous phase 

(Pa); g: gravitational accelaration vector (m s-2);ko: absolute permeability at large 

gas pressures (=k) (m2); b: Klinkenberg b-factor, krG: relative permeability of the 

gaseous phase, µG: viscosity of the gaseous phase (Pa s); KR: thermal conductivity of 

the rock (W m-1 K-1); Kβ: thermal conductivity of phase β: A, G, H, I (W m-1 K-1); hβ: 

specific enthalpy of phase β: A, G, H, I (J kg-1); fσ: radiance emittance factor; σo: 

Stefan-Boltmann Constant (5.6687x10-8 J m-2 K-4) 

 

Source and Sink Terms: 

 

 In sinks with specified mass production rate, withdrawal of the mass component κ is 

described by 

𝑞𝜅 = ∑ 𝑋𝛽 
𝜅 𝑞𝛽𝑘: 𝐴, 𝐺 ; κ: w, m (5-9) 

where q
β
: the production rate of the phase β (kg m-3); 

𝑞h = 𝑞𝑑 + ∑ h𝛽𝑞𝛽

𝑘:𝐴, 𝐺

(𝐻𝑒𝑎𝑡 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛 𝑜𝑟 𝑅𝑒𝑚𝑜𝑣𝑎𝑙) 
(5-10) 

Set of first-order ordinary differential equations: 

𝑑𝑀𝑛
𝜅

𝑑𝑡
=

1

𝑉𝑛
∑ 𝐴𝑛𝑚𝐹𝑛𝑚

𝜅 + 𝑞𝑛
𝜅

𝑚

 

(5-11) 

Fnm in Equation (5-11) is the average value of the (inward) normal component of F 

over the surface segment Anm between volume elements Vn and Vm. The discretization 

approach used in the integral finite difference method and the definition of the 

geometric parameters are illustrated in Figure 5-2. The discretized flux is expressed 

in terms of averages over parameters for elements Vn and Vm. For the basic Darcy 

flux term, the following equation is obtained: 
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𝐹𝛽,𝜅 = 𝑘𝑛𝑚 [
𝑘𝑟𝛽𝜌𝛽

𝜇𝛽
]

𝑛𝑚

(
𝑃𝛽,𝑚 − 𝑃𝛽,𝑛

𝐷𝑛𝑚
+ 𝜌𝛽,𝑛𝑚𝑔𝑛𝑚) 

(5-12) 

where the subscripts (nm) denote a suitable averaging at the interface between grid 

blocks n and m. For the evaluation of mobility, permeability, and density at interfaces, 

upstream weighting was preferred in this study. Dnm is the distance between the nodal 

points n and m, and gnm is the component of gravitational acceleration in the direction 

from m to n. 

 

The discretization of time is done by using first-order finite difference method. The 

evaluation of the flux, sink, and source terms on the right-hand side of Equation 

(5-11) are done at the new time level, tk+1= tk+ Δt. The time discretization results in 

the following set of coupled non-linear, algebraic equation (as seen in Figure 5-2): 

𝑅𝑛
𝜅, 𝑘+1 = 𝑀𝑛

𝜅,𝑘+1 − 𝑀𝑛
𝜅,𝑘 −

∆𝑡

𝑉𝑛
(∑ 𝐴𝑛𝑚 𝐹𝑛𝑚

𝜅,𝑘+1 + 𝑉𝑛𝑞𝑛
𝜅,𝑘+1

𝑚

) = 0 

 

(5-13) 

where residuals Rnκ: residuals, k +1.  

 

Figure 5-2: Space discretization and geometry data in the integral finite difference 

method (Moridis et al., 2005) 

 

For each volume element (grid block) Vn, there are Nκ equations, so that for a system 

discretized into NE (number of elements) grid blocks, represents a total of Nκ x NE 

coupled non-linear equations. For equilibrium model, there are 3 equations (Equation  
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(5-13) for CH4, water, and heat) but for kinetic model, there are 4 equations (Equation  

(5-13) for CH4, water, heat and Equation (5-14) as kinetic equation) to be solved for 

each grid. The Newton-Raphson iteration and Jacobian matrix were evaluated by 

numerical differentiation. 

 

Kinetic Equation of Kim et al. (1987): 

𝑄𝐻 =
𝜕𝑀

𝜕𝑡
= ±𝐾𝑜𝑒(

∆𝐸𝑎
𝑅𝑇

)𝐴𝑠(𝑓𝑒𝑞 − 𝑓𝑣) 

(5-14) 

Where Ko: instrinsic hydrate reaction constant (kg m-2 Pa-1 s-1); Ea: hydration 

activation energy (J mol-1); R: universal gas constant (8.314 J mol-1 K-1); T: 

temperature (K); As: surface area participating in the reaction (m2); feq: fugacity at 

equilibrium at temperature T (Pa); fv: fugacity in the gas phase at temperature T (Pa) 

 

In conventional oil and gas reservoirs simulations, reservoir temperature is 

considered as constant if there is no external heat supplied by steam/hot water 

injection or microwave heating. Moreover, there are certain phases such as oleic, gas, 

and water. However, during the simulations of gas hydrates, temperature decreases 

with hydrate dissociation, and phases can change. These phases can be aqueous, ice, 

hydrate and gaseous. Therefore, primary switching method is mostly used in gas 

hydrate simulations (Gamwo and Liu, 2010; Liu and Gamwo, 2012). According to 

temperature and pressure conditions at certain time step, the primary variables are 

determined (these are listed in Table 5-2 for equilibrium model and in Table 5-3 for 

kinetic model). Then, for next time step, new saturations values are calculated. For 

the other time step, these primary variables are updated again and solved in numerical 

simulation for other time steps. HydrateResSim has ability to determine time step 

automatically. Convergence criterion for relative error in HydrateResSim is 10-5 if 

the default option is chosen (Moridis et al., 2005) and we chosed this option in this 

study. When converge failure occurs during simulation at chosen time step interval, 

time step is reduced automatically to provide convergence. Similarly, if the maximum 

number of iterations per time step (as default it is 8) is exceeded, automatically time 

step is divided by two and for new time step, the calculations are held. 
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Table 5-2: Primary variables in equilibrium hydrate simulations without inhibitor* 

(Moridis et al., 2005) 

 

Phase 
State 

Identifier 

Primary 

Variable 1 

Primary 

Variable 2 

Primary 

Variable 3 

1-Phase: G          

  1-Phase: A 

Gas                  

Aqu 

P_gas                

P 

Y_m_G                  

X_m_A 

T                

           T 

2-Phase: A+G           

 2-Phase: I+G       

2-Phase: A+H    

 2-Phase: I+H 

AqG       

 IcG         

AqH         

IcH 

P_gas       

P_gas       

  P                 

P 

S_aqu    

S_ice       

S_aqu        

S_ice 

T 

T                   

           T 

T 

3-Phase: A+H+G           

3-Phase: A+I+G       

3-Phase: A+I+H  

3-Phase: I+H+G 

AGH       

AIG        

AIH         

IGH 

S_gas    

P_gas       

 P        

S_gas 

S_aqu     

S_aqu      

S_aqu       

S_ice 

T        

 S_gas      

S_ice        

  T 

Quadruple Point: 

I+H+A+G 
QuP S_gas S_aqu S_ice 

 

Where the possible primary variables are: P, pressure (Pa); P_gas, gas pressure 

(Pa); T, temperature (oC); X_m_A, mass fraction of CH4 dissolved in the aqueous 

phase; Y_m_G, mass fraction of CH4 dissolved in the gas phase; S_aqu, liquid 

saturation; S_gas, gas saturation; X_i_A, mass fraction of inhibitor dissolved in the 

aqueous phase. *For inhibitor: X_i_A becomes the 3rd primary variable, and the 3rd 

primary variable (as listed in Table 5-2) becomes the 4th primary variable. 
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Table 5-3: Primary variables in kinetic hydrate simulations without inhibitor* 

(Moridis et al., 2005) 

 

Phase 
State 

Identifier 

Primary 

Variable  

1 

Primary 

Variable 

2 

Primary 

Variable 

3 

Primary 

Variable 

4 

1-Phase: A Aqu P X_m_A S_hyd T 

2-Phase: A+G 

2-Phase: A+H 

AqG 

AqH 

P_gas 

P 

S_aqu    

S_aqu 

S_hyd 

X_m_A 

T 

T 

3-Phase: A+H+G           

3-Phase: A+I+G 

AGH 

AIG 

P_gas    

P_gas 

S_aqu     

S_aqu 

S_gas 

S_hyd 

 

T 

S_gas 

 

Quadruple Point: 

I+H+A+G 
QuP P_gas S_aqu S_gas S_ice 

 

Where the possible primary variables are: P, pressure (Pa); P_gas, gas pressure 

(Pa); T, temperature (oC); X_m_A, mass fraction of CH4 dissolved in the aqueous 

phase; Y_m_G, mass fraction of CH4 dissolved in the gas phase; S_aqu, liquid 

saturation; S_gas, gas saturation; S_hyd, hydrate saturation (-); X_i_A, mass 

fraction of inhibitor dissolved in the aqueous phase.*For inhibitor: X_iA becomes 

the 4th primary variable, and the 4th primary variable (as listed in Table 5-3) becomes 

the 5th primary variable. 
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5.4 Important Parameters for Hydrate Simulations 

 

In all gas hydrate simulators, different approximations and assumptions are used. The 

most important parameters during the simulations are the parameters of kinetic 

equation (Equation (5-14) if kinetic model option is selected), relative permeability, 

capillary pressure, and the formulas of thermal conductivities of hydrate in sediments. 

Therefore, it is better to analyze all of these separately: 

 

5.4.1 The Parameters of Kinetic Equation 

 

As seen in Equation (5-14), the kinetic model considers the difference between 

equilibrium temperature and bulk temperature. At those temperatures, fugacity values 

are calculated and subtracted. Although this difference is a driving force for hydrate 

formation or dissociation, the kinetics parameters such as intrinsic hydrate reaction 

constant and hydration activation energy are quite important (Liu and Gamwo, 2012; 

Li et al., 2014b). If Equation (5-14) is equal to zero, hydrate is at equilibrium 

conditions. If it is less than zero, hydrate dissociate and in the reverse case, hydrate 

forms.  

 

Previously, it was mentioned that hydrate simulators with kinetic equations are much 

more accurate especially in a small laboratory scale simulation because it is a 

dissociation-controlled system. However, the right selection of the formulas and 

values of the parameters in Equation (5-14) is quite important. Therefore, core 

samples from gas hydrate reservoirs are necessary for kinetic equation parameters, 

relative permeability, and capillary pressure analysis (Santamarina et al., 2012). 

These cores should be taken without any deformation or change in their structures by 

using specially designed high pressure core holders (Merey, 2016). 

 

5.4.1.1 Surface Area 

 

The surface area is defined as area involved in the reaction. In different hydrate 

simulators, different approximations are used to calculate the surface area of hydrate 
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in sediments. For example, in Tough+Hydrate and HydrateResSim, the following 

formulas are used for surface area calculation (Moridis et al., 2005; Moridis, 2014). 

𝐴𝑠 = 𝑓𝐴𝑁𝑣(4𝜋𝑟𝑝
2)𝑆ℎ

2/3
  (5-15) 

where fA is the area adjustment factor, NV is the number of voids in the porous media, 

and rp is the radius of the solid grains (m), Sh: hydrate saturation 

 

By using the radius of the solid grains, the volume of each grain is calculated for 

spherical shape. Then, Nv is calculated by using Vp and porosity values. According 

to Equation (5-15), surface area increases with Sh and there is no effect of other 

components to surface area in this equation. Therefore, by considering the other 

phases’ contribution to surface area, Sun and Mohanty (2006) proposed Equation 

(5-16): 

𝐴𝑠 = √
𝜑3(𝑆𝐴 + 𝑆𝐺)3

2𝐾
(𝑆𝐺𝑆𝐴𝑆𝐻)2/3 

(5-16) 

Where Φ: porosity, SA: aqueous saturation; SG: gaseous saturation; SH: hydrate 

saturation; K: intrinsic permeability, m2 

 

Li et al. (2014b) updated Equation (5-15) in Tough+Hydrate to Equation (5-17) for 

their studies. β is the reduction component which determines the connection degree 

between the reaction surface area and the water/hydrate saturations. In the study of 

Li et al. (2014b), the sensitivity analysis of hydrate formation rate to β was conducted. 

𝐴𝑠 = 𝑆𝐴
𝛽(1 − 𝑆𝐻)𝛽𝑁𝑣(4𝜋𝑟𝑝

2)𝑆𝐺
2/3

 (5-17) 

Yousif et al. (1991) used the following surface area equation in their simulation 

studies. 

𝐴𝑠 = [
𝜑𝑤𝑔

2𝐾
]

1 2⁄

 
(5-18) 
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5.4.1.2 Intrinsic Hydrate Reaction Constant and Hydration Activation Energy 

 

In order to determine the hydrate formation or dissociation rate, intrinsic hydrate 

reaction constant (Ko) and hydration activation energy (ΔEa) are important 

parameters as seen in Equation (5-14). Some of kinetic constants in literature for this 

equation are listed in Table 5-4.  

 

Kim et al. (1987) estimated these parameters as Ko: 1.24x105 mol/ (m2. Pa. s) and 

ΔEa: 78 kJ/gas mole for CH4 hydrate. In another study, the particle analyzer was used 

to find the surface area and experimental data were used to estimate Ko and ΔEa 

(Clarke and Bishnoi, 2001). ΔEa values in both the studies of Clarke and Bishnoi 

(2001) and Kim et al. (1987) are similar. However, Ko (3.64x104 mol/ (m2. Pa. s)) 

value found in the study of Clarke and Bishnoi (2001) is approximately 10 times 

smaller than that value in the study of Kim et al. (1987). Ko and ΔEa values were 

determined from the experimental data of hydrate formed in bulk conditions. 

However, in nature, hydrate forms inside the sediments. There is not much 

experimental information about the effect of hydrates in sediments on the dissociation 

kinetics. However, according to some numerical studies, Ko and ΔEa values must be 

increased by two to four orders of magnitude to fit the simulation results on the 

experimental data of hydrates in sediments (Gupta, 2007). For this reason, Moridis et 

al. (2005b) conducted experiments on CH4 hydrate in sediments by using 

computerized tomography (CT) to predict Ko and ΔEa. They found Ko: 1.78x106 mol/ 

(m2. Pa. s) and ΔEa: 89.7 kJ/gas mole for CH4 hydrate. Although there is not a big 

difference between ΔEa and other values in literature, Ko value is one and two orders 

of magnitude larger than previously reported values. The reason of this is not well 

known because the effect of the porous medium on the hydrate dissociation process 

is not yet fully understood (Moridis et al., 2005b). In the recent study of Li et al. 

(2014b), they conducted depressurization experiments on hydrate formed in 

sediments inside 117.4 L high pressure cylindrical reactor. Ko and ΔEa values were 

calculated by fitting the experimental data as respectively, 503.75 mol/ (m2. Pa. s) 

and 80.9 kJ/mol for CH4 hydrate in sediments. 

 



116 

 

Table 5-4: Hydrate kinetic constants in Equation (5-14) 

 

Source 
Ko, 

mol/(m2.Pa.s) 
ΔEa, kj/mol Condition 

Kim et al. (1987) 1.24e5 78 Hydrate as bulk 

Clarke and Bishnoi 

(2001) 
3.64e4 78 Hydrate as bulk 

Moridis et al. (2005b) 1.78e6 89.7 Hydrate in sediments 

Li et al. (2014b) 503.75 80.9 Hydrate in sediments 

 

5.4.2 Permeability and Relative Permeability 

 

Intrinsic permeability, effective permeability and relative permeabilities are very 

important parameters and they should be analyzed carefully because they are key 

parameters in experimental studies, numerical studies and gas production from real 

hydrate reservoirs.  

 

Intrinsic permeability is the permeability of hydrate sediments when they do not 

include hydrates. However, when hydrate forms in the sediments, the permeability 

decreases. Experimental results of Johnson et al. (2011) show that low to moderate 

hydrate saturations (1.5 to 36%) can significantly reduce permeability of porous 

media. The permeability measured or calculated at a certain Sh is defined as effective 

permeability. There are different formulas to calculate effective permeability. 

However, they differ according to the type of gas hydrate morphology in sediments. 

As seen in Figure 5-3 and Figure 5-4, in nature, gas hydrate can be found as filling 

pores in coarse grained sand, in fine-grained sands, massive lenses and nodules in 

muds, thin vein in muds, disseminated in muds and massive mounds on sea floor. 

According to Johnson and Max (2015), hydrate filling pores in sands homogenously 

is desirable in terms of gas production because there are less geomechanical concerns 

compared to others. Similar observations were obtained in the study of Santamarina 

and Tsouris (2007). Winters et al. (2004) classified the pore filling structure of 

hydrates in sediments as pore filling gas, nodules, disseminated and grain cementing. 
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Gas hydrate formation in the pores of fine sediments is quite difficult so mostly in 

fine sediments, gas hydrate forms as grain displacing (Liu et al., 2015). Therefore, 

coarse grained sediments (coarse sands, coarse sandy silts and coarse silty sands) 

generally include higher gas hydrate saturation compared to fine-grained sediments 

(fine silts, clays, shales). Mostly in fine grain sediments, gas hydrates occur as low 

saturation disseminated, nodules or veins (Winters et al., 2014; Kumar et al., 2015; 

Jang and Santamarina, 2016; Max and Johnson, 2016). 

 

As shown in Figure 5-3, there are different gas hydrate occurrences in sediments.  

Figure 5-3-A shows thin gas hydrate section in fine-grained sediment (mainly clay). 

In Figure 5-3-B, during high gas flux to fine grained sediment, grains were displaced 

and thick gas hydrate veins formed but this type of gas hydrate occurrences are not 

targets for gas production. This type of gas hydrate occurrences was observed in 

Ulleung Basin, Korea in Figure 5-4. Figure 5-3-C and Figure 5-3-F illustrate gas 

hydrates in coarse sands. In both of them, gas hydrates were almost equally 

distributed and these types of sediments are the targets for gas production from gas 

hydrates. Gas hydrate mound in Figure 5-3-D is in orange color because it includes 

oil components as well. As seen in Figure 5-4, massive gas hydrates were observed 

in Cascada, Gulf of Mexico. Although mounds are not targets for gas production, 

they should be monitored periodically in order to understand the effect of global 

warming on these structures with time. 
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Figure 5-3: Gas hydrate (GH) occurrences in nature: Thin (A) and thickly veined (B) 

sediment-displacing GH in fine-grained sediment; (C) pore-filling GH in sand; (D) 

GH mounds on the sea floor; (E) Disseminated GH in fine-grained sediment; (F) GH 

in coarse sands (Beaudoin et al., 2014) 
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Figure 5-4: Gas hydrate occurrences in sediments (Green color: hydrate, yellow 

color: sands) (Boswell et al., 2011) 

 

Effective permeability equations for different gas hydrate morphology in sediments 

are listed below (Liang et al., 2011; Li et al., 2014): 

 

For the hydrate coating capillary walls model, the absolute (effective) permeability 

can be calculated with: 

𝐾 = 𝐾𝑜(1 − 𝑆ℎ)2 (5-19) 

Where K: effective permeability; Ko: intrinsic permeability; Sh: hydrate saturation 

For hydrate occurring in the center of capillary model: 

𝐾 = 𝐾𝑜 [1 − 𝑆ℎ
2 +

2(1 − 𝑆ℎ)2

𝑙𝑜𝑔(𝑆ℎ)
] 

(5-20) 
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For Kozeny grain models: hydrate coats the grains 

𝐾 = 𝐾𝑜(1 − 𝑆ℎ)𝑛+1 (5-21) 

Where the saturation exponent n equals 1.5 for 0 < Sh < 0.8. For Sh > 0.8, the 

saturation exponent diverges 

For Kozeny grain models: hydrate occupying the pore center 

𝐾 = 𝐾𝑜

(1 − 𝑆ℎ)𝑛+2

(1 + √𝑆ℎ)
2  

(5-22) 

Where n=0.7Sh+0.3 

For Masuda et al. (1999) model: 

𝐾 = 𝐾𝑜(1 − 𝑆ℎ)𝑁 (5-23) 

Where N is between 2 and 15 (When Sh<35%, N=8 and when Sh>35 %, N=9 (Liang 

et al, 2011)). Gas is produced from hydrate as n is between 2 and 11 but when n=20, 

gas production is not possible (Rogers, 2015). 

 

All equations from Equation (5-19) to Equation (5-23) indicate that effective 

permeability is very important for gas production from gas hydrates and their 

modelling and experimental studies. When gas hydrate saturation (Sh) exceeds 35 %, 

the absolute permeability of hydrates decreases a lot. For depressurization, thermal 

injection, CO2 injection and chemical injection, effective permeability should be high 

enough. According to Konno et al. (2010), the absolute (effective) permeability of 

hydrate reservoir should be higher than 1-10 millidarcy (md) for better 

depressurization. However, Masuda et al. (2010) proposed that 50 md is the minimum 

preferable effective permeability when economy is considered. According to 

Equation (5-23), it can be concluded that when gas hydrate dissociates, effective 

permeability increases with time because Sh decreases with gas production from gas 

hydrate reservoirs. However, it should be kept in mind that if coarse sand reservoirs 

include certain amount of clays (i.e. smectite); released water (almost fresh water) 

from gas hydrate dissociation might cause the swelling of clays and certain reduction 
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in effective permeability (Max and Johnson, 2016). Hence, core analysis and 

sediment analysis are crucial. 

 

As gas hydrate dissociates, gas and water evolve and multi-phase flow occurs in the 

pores. Therefore, the relative permeability of gaseous and aqueous phase should be 

determined for the simulation studies because they affect gas and water production 

rates. There are only a few experimental studies to measure the relative permeabilities 

in gas hydrate deposited in sediments. Johnson et al. (2011) measured the relative 

permeabilities of gas hydrate in sediments experimentally by using an unsteady state 

method. Based on their experiments, an unsteady state experiment was very 

challenging due to the mobility differences between water and gas (especially at low 

effective permeability conditions –as with hydrates). The displacement by gas was 

very piston like or channel like. Different from Johnson et al. (2011)’s study, Seol et 

al. (2006) conducted experiments to measure the relative permeability of CH4 hydrate 

in sediments by using CT. In this way, the parameters of the van Genuchten relative 

permeability formula were determined at the desired conditions. However, these 

parameters can change according to type of sediments, pore structures, temperature 

and pressure conditions. Therefore, if the real core samples are taken from gas hydrate 

reservoirs, their relative permeability parameters should be measured carefully for 

selected relative permeability equation. Then, these data can be used in the 

simulations. Santamarina and Tsouris (2007) collected the most common relative 

permeability formulas and the values of parameters, which were used in different 

hydrate studies in Table 5-5. 
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Table 5-5: Relative permeability at different saturation (Santamarina and Tsouris, 

2007) 

 

Where Sw: water saturation; Srw: irreducible water saturation; Sg: Gas saturation; 

Srg: irreducible gas saturation, krw: relative permeability of water; krg: relative 

permeability of gas; Smxw: Maximum water saturation; A, B, C, m: model coefficients 
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5.4.3 Capillary Pressure 

 

Capillary pressure is defined as the difference in pressure across the interface between 

two immiscible fluids.  

𝑃𝑐 = 𝑃𝑔 − 𝑃𝑤 (5-24) 

Where Pc: Capillary pressure, Pg: gas pressure, Pw: water pressure 

 

Santamarina and Tsouris (2007) collected the most common capillary pressure 

formulas and the values of parameters, which were used in different hydrate 

numerical studies in Table 5-6. 

 

Table 5-6: Capillary pressure in hydrate-bearing sediments (Jang and Santamarina, 

2014) 

 

Where Smxw: maximum water content, Srg and Srw: residual gas and water content, P0: 

air entry value, m: van Genuchten equation’s fitting parameter; and λ: pore size 

distribution index, nr: not reported. 
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CHAPTER 6  

 

 

STATEMENT OF THE PROBLEM 

 

 

 

Recently, especially during last decade, gas hydrates have become very popular all 

around the world. Many experimental studies, numerical studies and some field pilot 

projects have been conducted by different scientists and countries because gas 

hydrates are considered as future potential energy sources. However, compared to 

shale gas technology, gas hydrate technology is still immature. Potential gas hydrates 

in the Black Sea might supply an important amount of Turkey’s natural gas 

consumption (mostly imported). However, there is no study analyzing the potential 

Black Sea gas hydrates in detail. Only a few seismic studies are available. Before any 

experimental or any field pilot projects tests in the Black Sea, the Black Sea 

conditions for gas hydrate should be evaluated carefully. 

 

In this study, it is aimed to analyze the potential Black Sea gas hydrates. The 

investigation of thermal gradients, porosity of sediments, pressure gradients, salinity, 

type of sediment in the Black Sea are essential for numerical and experimental gas 

hydrate studies. The initial gas in place in the Black Sea gas hydrate might show the 

importance of the Black Sea. The target sediment types and gas hydrate reservoir 

types for production are needed to be determined. According to all of these data, 

optimum gas hydrate production method(s) in the Black Sea conditions should be 

selected. It is necessary to test selected gas hydrate production method(s) numerically 

because it is an important tool to understand the production behaviors in gas hydrates. 

Hence, all of these have been done in this study. 

  

The aim of this study is also to design experimental set-up (mainly high pressure 

reactor) for the selected production method. This experimental set-up should mimic 
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gas production behavior in real gas hydrate conditions. Therefore, numerical 

simulations are needed while designing the experimental set-up. 

 

In order to analyze gas hydrate properties in the Black Sea conditions, gas hydrate 

softwares are necessary to determine gas hydrate properties. However, available 

softwares are not open source and they cannot be integrated to other codes for 

different gas hydrate studies. Therefore, in this study, it is aimed to develop codes 

predicting hydrate properties, target hydrate saturations for experimental studies, gas 

composition change during hydrate formation and gas composition near BSRs. 

 

Finally, as well as source gas potential and optimum pressure- temperature conditions 

in the Black Sea for gas hydrate formation, the types of sediments depositing gas 

hydrates are also important. Therefore, the characterization of the Black Sea 

sediments is crucial to show producible gas hydrate potential of the Black Sea. For 

this purpose, the DSDP Leg 42B drilling data in the Black Sea were analyzed for 

producible gas hydrate evaluations in this study. 
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CHAPTER 7  

 

 

RESULTS AND DISCUSSION 

 

 

 

7.1 Initial Methane in-Place in the Black Sea Gas Hydrates 

 

In Chapter 3, the detailed information about the gas hydrate potential of the Black 

Sea is given. Table 3-2 and Table 3-3 show initial CH4 in-place calculations done in 

the Black Sea in all sediments within gas hydrate stability zone (GHSZ) including 

sands, shales, silts and clays, etc. Only gas hydrates in sands are evaluated as an 

energy source as seen in Figure 3-19 because they have good reservoirs properties 

such high permeability and high porosity. However, overall CH4 in gas hydrates 

deposited in shales and/or clays are also important for environmental studies. 

Therefore, in this study, there is an attempt to calculate the possible amount of the 

Black Sea hydrates. For this reason, initial CH4 in-place calculations in the Black Sea 

gas hydrates were done and compared with the data in literature. By using the 

literature data (Yucesoy and Ergin, 1992; Klauda and Sandler, 2003; Vassilev and 

Dimitrov, 2003; Vassilev, 2006; Aktosun and Varol, 2013) such as porosity 

distribution (Figure 7-1), hydrate filling distribution, CH4 hydrate thickness 

information, and hydrate area, the range of these parameters were obtained in Table 

7-1.  

 

Cavity fill ratio and expansion factor in Table 7-1 were calculated in this study for 

CH4 hydrate by using temperature distribution (Figure 7-2) and pressure gradient 

(which is hydrostatic pressure) of the Black Sea. Expansion factor is calculated by 

using Equation (3-9) and inserted into Equation (3-8) for the initial CH4 amount in 

gas hydrates. Expansion factor is the amount of CH4 at standard conditions (0oC and 

1 atm) deposited in 1 m3 CH4 hydrate. The expansion factor of CH4 hydrate was 

calculated as 150, 164 and 174 standard m3 for 1 m3 of CH4 hydrate by Kvenvolden 
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(1993), Collett (2000), and Halliday et al. (1998) respectively. Gas composition, 

temperature and salinity affect expansion factor (Carroll, 2009; Yang et al., 2010). 

Therefore, it is important to calculate this value for CH4 hydrate in the Black Sea 

conditions. In Equation (3-9), there are hydrate properties such hydration number 

(NH) and hydrate density (ρH) of CH4. These parameters determine expansion factor. 

By using HEP.m (which is written in this study and explained in detail in the 

following part of this chapter), NH and ρH parameters were calculated at lowest 

temperature (6.5 oC), the median temperature (9 oC) and highest temperature (9.5oC) 

in the Black Sea. These parameters in Table 7-2 were evaluated by Monte Carlo 

simulation @Risk and then, expansion factors in Table 7-1 were obtained. For the 

Black Sea conditions, the expansion factor with cavity filling ratio of CH4 molecules 

in the cages of sI hydrate ranges from 160.3 to 164.8 standard m3 with a median value 

of 161.8 standard m3 for 1 m3 of CH4 hydrate.  

Table 7-1: Parameters calculated for the calculation of the amount of CH4 in the 

Black Sea hydrates in this study 

 Lowest Most Likely Largest 

Porosity, fraction 0.425 0.525 0.6 

Average hydrate filling, fraction 0.05 0.1 0.22 

MHSZ Thickness, m 125 303 650 

Cavity fill ratio (cfr) 0.967 0.97125 0.9885 

Expansion Factor without cfr  165.7599 166.599299 166.7462 

Hydrate Area,m2 6.72E+07 2.79E+10 3.00E+10 

 

Table 7-2: Parameters obtained from HEP.m for Monte Carlo simulation by @Risk 

for the evaluation of expansion factor  

Temperature, oC ρH, g/cm3 Cavity filling ratio NH 

6.5 0.914 0.967 5.947 

9.0 0.915 0.971 5.919 

9.5 0.915 0.973 5.914 
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Figure 7-1: Porosity distribution in the Black Sea sediments (Vassilev, 2006) 

 

 

Figure 7-2: Temperature distribution in the Black Sea sediments (Vassilev, 2006) 
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Vassilev (2006) calculated porosity distribution in Figure 7-1 and temperature 

distribution in Figure 7-2 for the Black Sea. These parameters were very useful while 

calculating in initial CH4 amount in CH4 hydrates and simulations in this study. 

 

By using the parameters in Table 7-1 in @Risk program, the amount of CH4 in-place 

in the Black Sea hydrates was calculated as 71.8 (median) standard trillion cubic 

meter (tcm). @RISK is the risk analysis and simulation add-in for Microsoft Excel® 

(Risk, 2016). Monte Carlo simulation option of @Risk was used in this study to 

calculate ranges of possible values. The values in Table 7-3 represent CH4 hydrates 

deposited in all types of sediments in the Black Sea such as shales, sands, clays, etc.  

 

Table 7-3: CH4 potential of the Black Sea hydrates 

Source 
Initial gas (Methane) in place in 

the Black Sea gas hydrates, tcm 

Korsakov et al., 1989 40-50 

Smirnov and Chumak, 1996 75-100 

 Parlaktuna and Erdogmus, 2001 68.9-96.6 

Klauda and Sandler, 2003 850 

Solov’yov, 2003 100 

Shi, 2003 42 

Vassilev and Dimitrov, 2003 42 to 49 (10-50) 

This study 71.8 (1.726-297.4) 

 

Figure 7-3 and Figure 7-4 are the outputs of the Monte Carlo simulations in this study. 

The sensitivity analysis of model parameters such as hydrate area, methane hydrate 

stability zone (MHSZ) thickness, average hydrate filling or saturation, porosity, 

cavity fill ratio of CH4 and CH4 expansion factor are shown in Figure 7-4. The effects 

of porosity, cavity fill ratio and expansion factor with cavity filling ratio on the 

amount of the initial CH4 in gas hydrate in the Black Sea are low compared to other 
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parameters because there are enough accurate data about the porosity and temperature 

of the Black Sea. However, as shown in Figure 7-4, the sensitivity ranges are quite 

wide for hydrate area, MHSZ thickness and hydrate filling ratio. Therefore, the well 

log data and core sample data in the Black Sea from the previously drilled wells (all 

for conventional oil and gas exploration) should be evaluated for most accurate initial 

CH4 calculations in the Black Sea but mostly the companies having this well 

information do not intend to share their data.  

 

Figure 7-3: Probability of initial CH4 amount in the Black Sea hydrates 

 

Figure 7-4: Sensitivity of parameters in Table 7-1 
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For gas production from gas hydrates, the targets are the gas hydrates deposited in 

sands (Boswell, 2014; Johnson and Max, 2015). However, the values in Table 7-3 are 

beneficial especially for the climate studies rather than energy studies because sudden 

release of CH4 to the atmosphere might be dangerous. CH4 is approximately at least 

20 times more powerful greenhouse gas than CO2 (Breeze, 2013; Mu and von Solms, 

2016). In this study, in order to find the amount of CH4 in the Black Sea gas hydrates 

deposited in sands (which is considered as an energy source), Equation (3-8) was 

multiplied by sand content. Although there are not enough data about the sand content 

all over the Black Sea, the sand content for the Black Sea might change from 0.9 % 

to 41 % (most likely value ~14.75%) (Site 379, 1978; Site 380, 1978; Site 381, 1978; 

Yücesoy and Ergin, 1992). By considering the sand content percentage, initial CH4 

in-place calculations were done with @Risk program. The amount of CH4 in the 

Black Sea hydrates deposited in sands was found as 13.6 tcm (median). Table 7-4 

shows the composition of the amount CH4 deposited in sand sediments as gas hydrate 

in the Black Sea. Figure 7-5 and Figure 7-6 are the outputs of the Monte Carlo 

simulations of initial gas (CH4) in place in the Black Sea gas hydrates in this study. 

Similar to Figure 7-4, Figure 7-6 shows the sensitivity ranges for model parameters. 

Additionally, in Figure 7-6, there is another parameter called sand content. Its 

sensitivity range is quite wide due to unlimited data about the sand content in the 

Black Sea.  When Table 7-3 and Table 7-4 are evaluated, the Black Sea might have 

a great amount of CH4 in CH4 hydrates as energy sources. In this study, as energy 

sources, it was calculated that the Black Sea might have 13.6 tcm (median) of CH4 

potential in CH4 hydrates. 

Table 7-4: CH4 potential of the Black Sea hydrates (in sands only) 

Source 
Initial gas (CH4) in place in the 

Black Sea gas hydrates, tcm 

Krason and Ciesnik, 1988 6.5 

Vassilev and Dimitrov, 2000 0.1-1.0 

Johnson and Max, 2015 2.5 (0.031-20.3) 

This study 13.6 (0.021-138) 
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Figure 7-5: Probability of initial CH4 amount in the Black Sea hydrates (in sands 

only) 

 

 

Figure 7-6: Sensitivity of parameters in Table 7-1 (in sands only) 
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7.2 Analysis of Gas Production Methods for the Black Sea Gas Hydrates 

 

While designing the high pressure reactor in this study and simulating gas production 

from the hypothetical CH4 hydrate reservoirs at the Black Sea conditions as a 

production method, depressurization and its combination with thermal stimulation 

were considered instead of CO2 swapping and chemical injection methods.  

 

Figure 7-7: Hydrate equilibrium curves for pure CH4 and CO2 hydrates, along with 

phase equilibrium lines of liquid and gaseous CO2 (Adapted from Goel, 2006) 

 

As seen in Figure 3-3 and Figure 7-2, the average seafloor temperature in the Black 

Sea is approximately 9oC. Hence, the seafloor temperature of the Black Sea can be 

classified as high sea-bottom temperature compared those having low sea-bottom 

temperature (~4oC) in Gulf of Mexico (Küçük et al., 2016b). When going deeper 

from seafloor, the temperature of sediments increases with thermal gradient (shown 

in Figure 3-6 for the Black Sea). Gas hydrates on or near seafloor is not considered 

as energy sources as discussed earlier in Figure 3-19. Therefore, it is expected that 

the temperature of potential gas hydrate zones in the Black Sea as energy sources is 
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higher than 10.3oC (~283.5 K). In Figure 7-7, the pure hydrate equilibrium curves of 

CH4 and CO2 in different phases are shown. Above approximately ~10.3oC, CH4 

hydrate is much more stable than CO2 hydrate. There are two regions in Figure 7-7. 

In region A, CO2 hydrate is much more stable than CH4 hydrate but in regions B, CH4 

hydrate is more stable. If CO2 is injected into the hydrate reservoir having 

temperature less than 10.3 oC (in Region A), there will be CH4 and CO2 swapping and 

also CO2 can be stored as CO2 hydrates. However, around Region B, only CO2 

injection might help the dissociation of CH4 hydrate. Similar observations were done 

in the study of Goel (2006). Therefore, it is expected that Black Sea gas hydrates are 

much more likely to be in Region B and C. In region C, gas hydrates include possibly 

CH4 and other impurities such as C3H8 and H2S in the Black Sea conditions. 

 

The first and only CO2 injection field trial was conducted in Ignik Sikumi field in 

Alaska, USA in 2012. Instead of 100 % CO2 injection, 22.5 % CO2, 77.5 % N2 gas 

mixture was injected to Ignik Sikumi gas hydrate zone and the replacement 

mechanism was observed in the trial study (Schoderbek et al., 2013; Kvamme, 2016). 

The main reasons of CO2-N2 gas mixture injection were: 

 To avoid the injectivity problem of CO2 at high pressures 

 To reduce risk of new CO2 hydrate formation in the pores which decreases 

effective permeability 

 Due to very low risk of pure N2 hydrate formation because it forms sII hydrate 

at extremely large pressures (hydrate equilibrium of pure N2 is shown in  

Figure 7-10) 

 To increase CH4 recovery because during CH4-CO2 swapping, CO2 enters 

into the large cages of sI hydrate and N2 enters into the small cages of sI 

hydrate of CH4 so CH4 recovery increases 

 

Therefore, during the analysis of CO2 injection as a production method, CO2 injection 

should be considered with N2 injection. CO2 sequestration as pure CO2 hydrate in 
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sediments is an environmental issue and not discussed in this study. Figure 7-8 shows 

the density and phase profile of CO2 at different pressures when temperature is 9oC 

(average sea floor temperature of the Black Sea). As the density profiles of CO2 and 

22.5 % CO2, 77.5 % N2 mixture at different pressures and 9oC, their density and phase 

profiles are quite different as seen in Figure 7-8 and Figure 7-9. CO2 density suddenly 

increases from 2.9699 mol/l to 19.733 mol/l at 639.95 psia because its phase changes 

from gaseous to liquid. At 9oC, hydrate equilibrium pressure of CH4 is around 910.2 

psia. Hence, there will be injectivity problems with pure CO2 injection into the Black 

Sea gas hydrates. This problem increases if the effective permeability of gas hydrate 

reservoir is low. A solution to this injectivity problem and low CH4 recovery was 

brought in the Ignik Sikumi field trial with CO2-N2 mixture injection. As seen in 

Figure 7-9, the density of 22.5 % CO2, 77.5 % N2 mixture increases slowly with 

pressure compared to the density of pure CO2. 

 

 

Figure 7-8: Density versus pressure at 9oC for CO2 (Calculated with NIST) 
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Figure 7-9: Density versus pressure at 9oC for 22.5 % CO2+77.5 % N2 (Calculated 

with WebGasEOS) 

 

While analyzing CO2 injection, it should be considered with N2 injection as well in 

the Black Sea as a production method. There are only two studies claiming to 

investigate CO2 injection in the Black Sea. Ors (2012) observed CH4-CO2 swapping 

after injecting pure CO2 into pure CH4 hydrate. Abbasov (2014) also injected CO2 

into natural gas hydrates but gas hydrate consisted of 95 % CH4, 3 % C3H8, and 2 % 

CO2. CH4-CO2 swapping was also observed in the study of Abbasov (2014). In both 

of these studies, 4oC temperature was selected for gas hydrate formation and CH4-

CO2 swapping. However, when the temperature profile of the Black Sea is carefully 

analyzed in Figure 7-2 and Figure 3-6, there are no areas with 4oC in seafloor and in 

the sediments of the Black Sea, it is expected that the temperature of the sediments is 

higher than 9oC. Therefore, actually these studies do not represent the Black Sea 

conditions. Figure 7-7 obviously shows that gas hydrate reservoirs below and higher 

10.3oC temperature should be evaluated separately. Hence, before any gas hydrate 
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production experiments and numerical simulations, the Black Sea conditions should 

be investigated very well and this study aims to do this. 

 

In order to analyze CO2 and CO2/ N2 injection at the Black Sea conditions,  Figure 

7-10 was prepared in this study by using CSMGem hydrate equilibrium software of 

Colorado School of Mines in Sloan and Koh (2008). Pressure and temperature values 

for the red line in  Figure 7-10 was  prepared by using average thermal gradient (0.03 

oC/m), average sea floor temperature (9oC) , pressure gradient of sediments (0.465 

psi/ft), and average hydrate thickness (average:303 m and maximum: 650 m as shown 

in Table 7-1) data of Vassilev (2006) for the Black Sea. Only 38.3 meter below the 

Black Sea floor is in the Region A (Figure 7-7) but 264.7 m of GHSZ is in the region 

of B (Figure 7-7). Gas production from potential gas hydrate between seafloor and 

38.3 meter below seafloor (mbsf) is not considered as an energy source as discussed 

in Figure 3-19. Hence, potential gas hydrates in the Black Sea as energy sources are 

expected to be in the region B and C when all available data in the Black Sea were 

analyzed in this study. Pressure ranges, temperature ranges, and hydrate types of these 

regions are shown in Table 7-5. 
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To illustrate the field conditions of Ignik Sikumi field (first trial for CO2-N2 injection 

to gas hydrates), pressure and temperature conditions of this field (Paverage: 1006.2 

psia; Taverage: 5.58 oC; Sh: 66.5 %; Pinjection: 1400 psia (Schoderbek et al., 2013; 

Garapati, 2013)) were shown in  Figure 7-10. The conditions of this field are in 

Region A. In this field, 22.5% CO2 and 77.5 % N2 was injected to swap CH4 in CH4 

hydrate with CO2 and N2. When CH4 is released from sI cages, CO2 enters into large 

cages and N2 enters into small cages. After filling of the cages with new guests (CO2 

and N2) and release of CH4 from the cages, newly formed gas hydrate should be above 

its hydrate equilibrium point so mixed gas hydrate stays stable. For example, as seen 

in  Figure 7-10, if newly formed gas hydrate includes 35 % N2 and 65 % CO2 

composition, it will be in hydrate equilibrium at the conditions of Ignik Sikumi field. 

 

Table 7-5: Different zones for CO2-N2 injection for the Black Sea hydrates 

Region 
Interval, 

mbsf 

Temperature 

Range, oC 

Equilibrium 

Pressure Range, 

psia 

Potential 

Hydrate Type 

A 0-38.3 9-10.3 2482-2535.4 
 CH4 or gas 

mixture hydrate 

Transition 

Zone 
38.3-73.3 10.3-11.2 2535.4-2584.3 

CH4 or gas 

mixture hydrate 

B 
73.3-

326.7 
11.2-18.8 2584.3-2937.8 

CH4 or gas 

mixture hydrate 

C 326.7-650 18.8-28.5 2937.8-3388.8 
Gas mixture 

hydrate 

 

Potential gas hydrates in Region A and transition zone of the Black Sea should not 

be considered as energy sources because they are very close to seafloor and injection 

pressure should be at least approximately 2500 psia. Therefore, Region B and Region 

C were evaluated for potential CO2 and N2 injection to the potential Black Sea gas 

hydrates. When  Figure 7-10 is carefully analyzed, after 11.8 oC, higher injection 

pressures for CO2 and N2 gas hydrate mixture are needed. For example, if 75 % CO2 
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and 25 % N2 gas mixture hydrate is formed in the gas hydrate reservoir having 15oC 

temperature, pressure in the reservoir should be kept at least 4700 psia. Below this 

pressure ( Figure 7-10), newly formed CO2-N2 gas hydrate after swapping with CH4 

will dissociate because it is out of its hydrate stability region. The main advantage of 

CO2-N2 injection into gas hydrate reservoirs is to avoid any geomechanical failures 

and to decrease water production during gas production from gas hydrates. However, 

over-pressurized hydrate reservoirs after increasing injection pressure upto 4700 psia 

might cause geomechanical failures and sudden gas releases because the Black Sea 

sediments are very loose and unconsolidated between 0 and 200 mbsf according to 

Kuprin et al. (1978). Similar observations were obtained about the effect of 

overpressurization on geomechanics of gas hydrates in the studies of Ellis et al. 

(2010), Kwon and Cho (2012), Zhang et al. (2015) and Priest and Grozic (2016). 

Therefore, after 11.8 oC (93.33 mbsf), CO2-N2 injection might not be advantageous 

in the Black Sea gas hydrates. 

 

Table 7-6: CO2-N2 injection analysis between 76.67 mbsf and 120 mbsf in  Figure 

7-10 

Number 
Depth 

(mbsf) 

Temperature, 

oC 

Possible CO2-N2 

mixture 

Pressure, 

psia 

1 76.67 11.3 40 % CO2+60 % N2 2589 

2 93.33 11.8 50 % CO2+50 % N2 2612 

3 120 12.5 75 % CO2+25 % N2 2649 

At higher injection pressure (4000 psia) 

1 76.67 11.3 20 % CO2+80 % N2 4000 

2 93.33 11.8 25 % CO2+75 % N2 4000 

3 120 12.5 35 % CO2+65 % N2 4000 

 

In Region B, there is only limited interval between 76.67 and 120 mbsf for the 

evaluation of CO2-N2 injection. Optimum CO2-N2 gas mixture ratios for injection 

into this interval are shown in Table 7-6. As seen in this table, if CO2-N2 mixture is 

injected at reservoir pressures of this depth interval, 40 % CO2 + 60 % N2; 50 % CO2 

+ 50 % N2; 75 % CO2 + 25 % N2 can provide CH4 release and stable gas hydrate after 
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swapping for 11.3oC, 11.8 oC, and 12.5 oC respectively. However, CO2 ratios in the 

Black Sea case are higher compared to 22.5 % CO2 in Ignik Sikumi field. As CO2 

concentration increases, injectivity problem increases. CO2 cannot form its pure 

hydrate (see  Figure 7-10) in the depth interval in Table 7-6 so there is no risk of CO2 

hydrate formation in this depth interval of the Black Sea.  When the injection pressure 

increases to 4000 psia, 20 % CO2 + 80 % N2; 25 % CO2 + 75 %, N2; 35 % CO2 + 65 

% N2 can provide CH4 release and stable gas hydrate after swapping for 11.3oC, 11.8 

oC, and 12.5 oC respectively. Although necessary CO2 concentration in the injected 

gas mixture is decreased by increasing the injection pressure, this creates another risk, 

which is over-pressurized reservoir and geomechanical problems. 

 

According to all evaluations made in this study, it was concluded that CO2 or CO2-

N2 injection methods are not completely appropriate in the Black Sea conditions due 

to the warm seafloor temperature of the Black Sea. Therefore, CO2 (in gas and liquid 

phase) and N2 swapping with CH4 in CH4 hydrate is not appropriate in the Black Sea 

conditions for gas production purposes. Although CO2 in emulsion can provide CO2-

CH4 swapping in the Black Sea conditions when thermodynamic conditions are 

considered, the technique for preparing CO2 emulsion is currently immature and 

consistent experimental results have not been sufficiently collected so far and also it 

will create injectivity problems (Koh et al., 2016). Moreover, according to 

geophysical explorations in the western Black Sea (Zonguldak-Amasra region), many 

gas seepage areas and mud volcanos were observed and it was observed that the 

accumulated gas below gas hydrate stability zone (GHSZ) came to seafloor by cutting 

GHSZ due to excess pore pressure (Küçük, 2016). The main reason of this might be 

high rate of gas flux under impermeable sediments such as shale, clay etc. When 

pressure becomes very high after certain time under impermeable sediments within 

GHSZ, faulting in GHSZ occurs (Max and Johnson, 2016). Even somehow CO2-CH4 

swapping was successfully completed in the Black Sea, it is hard to say CO2 hydrate 

would be stable there for a long time. The reasons of this can be listed as: 

 High sedimentation rate in the Black Sea might cause the dissociation of CO2 

hydrate due to temperature increase. 
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 Global warming causes the increase of sea temperatures and sediment beneath 

seafloor. 

 Below impermeable CO2 gas hydrate, gas from deeper sediments might be 

collected and cause excess pore pressure and stability problems. 

 The salinity of sea is higher than the salinity in sediments in the Black Sea so 

there might be salt diffusion from seawater through the sediments. Salt is a 

gas hydrate inhibitor and might cause the dissociation of CO2 hydrate with 

time. 

 

Depressurization method was successively tested in Mallik field (Canada) and 

Nankai (Japan) fields. As seen in Figure 7-11, when effective permeability and 

temperature of sediments increase, the effectiveness of depressurization method 

increases. According to all temperature profile and temperature gradient data, 

obviously the sediments of the Black Sea have higher temperature than Mallik field 

(~8oC, Henninges et al.,2004) and Ignik Sikumi field (5.58oC, Garapati, 2013) so this 

is advantageous for the application of depressurization production method to the 

Black Sea gas hydrates. Therefore, during the design of the experimental set-up in 

the Black Sea conditions, depressurization and its combinations with other techniques 

were considered in this study.  

 

Figure 7-11: Relationships between the productivity using depressurization method 

and effective permeability and reservoir temperature (MH-21, 2008) 
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Gas production from gas hydrates by depressurization method can be held in two 

ways: Constant flow rate depressurization and constant pressure depressurization. By 

constant flow rate depressurization, pressure value cannot be controlled efficiently. 

Therefore, if pressure is above gas hydrate equilibrium point during production by 

constant flow rate depressurization, there is a risk of gas hydrate reformation in gas 

hydrate reservoirs. Moreover, if flow rate is too high, this might cause ice formation 

in the reservoir or along the wellbore because of the endothermic nature of hydrate 

dissociation and Joule Thomson cooling. In this study, constant pressure 

depressurization method was preferred during the design of high pressure reactor and 

numerical simulations of hypothetical gas hydrate reservoirs in the Black Sea 

conditions with HydrateResSim. Some criteria for constant pressure depressurization 

and constant flow rate depressurization methods are listed in Table 7-7. Constant 

pressure depressurization can be applied for a wide range of formation permeability 

values, high hydrate saturations and different gas hydrate reservoir types. 

 

Table 7-7: Some criteria for constant pressure depressurization and constant flow 

rate depressurization methods (Adapted from Moridis et al., 2008b; Sun et al., 2015; 

Myshakin et al., 2016) 

Constant Pressure Depressurization Constant Flow Rate Depressurization 

Applicable to a wide range of formation 

permeabilities 

Applicable when the intrinsic permeability 

of the hydrate formation is high 

Only reasonable alternative when Sh is 

high. 

Applicable when the initial Sh is moderate 

(i.e., Sh < 0.5) 

Reducing the risk of ice formation. Applicable when capillary pressure is weak 

Applicable to a wide range of 

irreducible aqueous and gas saturations 

Applicable when irreducible aqueous and 

gas saturations are relatively low 

Applicable for all types of gas hydrates 
Not applicable for gas production in Class 

3 hydrates 
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7.3 Experimental Set-up Design for the Black Sea Gas Hydrate Studies 

 

In this study, a new experimental set-up was designed for gas production experiments 

from the Black Sea gas hydrates. The aim of these experiments are to investigate gas 

hydrate production, especially from Class 1 gas hydrates in the Black Sea conditions 

by depressurization, thermal stimulation and their combinations. As shown in Figure 

7-12, the main equipment for experimental studies is listed below: 

 Constant Temperature Room 

 High Pressure Reactor (METU Reactor) 

 Gas-Water Separator 

 Backpressure Regulator 

 Gas Flow Meter 

 Pressure Transducers 

 Thermocouples 

 PC 

 Data Loggers 

 Methane Bottle (99.99% Purity) 

 Gas Mixture Bottle if necessary 

 Compressor 

 Vacuum Pump 

 Pumps 

 Weighing Balance 

 Screens 

 Lines, fittings, and valves, etc. 

 Gas Chromatography (if gas composition includes gas mixtures) 
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Figure 7-12: Schematic of the experimental setup designed in this study for gas 

hydrate experiments 

 

Figure 7-12 shows the experimental set-up designed in this study. The high pressure 

reactor (METU reactor) is kept in the constant temperature room or cold room to keep 

temperature constant at desired conditions. The high pressure reactor might be coated 

with water jacket as well in order to keep temperature as constant as possible. When 

the high pressure reactor is filled with sands, air in pores is taken out by using vacuum 

pump. Porosity of sands can be calculated with air expansion before vacuuming or 

by using grain sizes because it is important for the calculation of the amount of gas 

and water needed to obtain target conditions. Then, sands are saturated with water or 

water including dissolved salt and gas according to target saturations and pressure. 

Syringe pumps are commonly used to inject water and or pressurize gas into small 

high pressure cells. Large capacity pumps and compressors are necessary to provide 

enough pressure in large high pressure reactors. The duration of gas hydrate 

formation in sediments vary with the size of high pressure reactor (mostly), 
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temperature, pressure, gas composition etc., but generally for small size (600 cm3) 

high pressure cell, it can take less than 7 days (Abbasov et al., 2016). However, 

hydrate formation in 1710 L high pressure reactor (HIGUMA) took 30 days in the 

study of Konno et al. (2014).  In the experimental study of Heeschen et al. (2016), 

mimicking Mallik field gas hydrate reservoirs (80-90 % Sh) in LARS reactor (425 L) 

filled with 210 L sample took 3 months by forming CH4 hydrate from CH4 dissolved 

in water. After obtaining target saturations in the high pressure reactor, necessary 

preparations should be done according to production method. For depressurization 

experiments, gas production is initiated by decreasing pressure in the high pressure 

reactor to target depressurization pressure. It is obvious that with gas production, 

there will be water production because of free water in pores and water evolved after 

hydrate dissociation. Backpressure regulators are used to keep pressure constant at 

certain conditions. Therefore, they are important tools to apply constant pressure 

depressurization method. When gas is released after hydrate dissociation, pressure 

increases. If pressure inside high pressure reactor is higher than the setting pressure 

of backpressure regulator, gas and or water mixture are released to atmospheric 

conditions. In order to measure gas flow rate, dry gas should pass inside gas flow 

meter for accurate measurements. Therefore, the separation of water and gas is 

necessary. When gas and water mixture enter into gas-water separator, water is 

collected at the bottom of the separator and gas flow outside of the separator through 

gas flow meter and then, gas flow rate is recorded with time. Water flow rate is 

measured by recording the weight change in the separator. Therefore, separator is put 

on the weight balance and weight change is recorded. Water production rate and gas 

production at different depressurization pressures or thermal injection are important 

data to analyze the effectiveness of selected gas production method for gas hydrates. 

Hence, the size of high pressure reactor, size of gas-water separator, range of gas flow 

meter and weight balance are quite important. In order to select the size of gas-water 

separator, range of gas flow meter and weigh balance (which are most important 

equipment), there are two ways. One way is to make analogy with the experiments 

conducted in literature or to conduct simulation studies to predict water and gas 

production rates in laboratory scale. In this study, numerical simulations were run by 

HydrateResSim numerical simulator to design the size of high pressure reactor 
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(METU reactor), size of gas-water separator, range of gas flow meter and weight 

balance in the Black Sea conditions. 

 

7.3.1 Design of the High Pressure Reactor (METU Reactor) and Other 

Equipment 

 

In the past, small high pressure cells were used to investigate gas production from 

gas hydrates by applying different production methods. For example, Yousif et al. 

(1991) conducted depressurization experiments by using 171 cm3 cylindrical high 

pressure cell. Similarly, Masuda et al. (1999) conducted similar experiments in a 589 

cm3 cylindrical high pressure cell. However, these small high pressure cells are not 

enough to represent real field conditions. While producing gas from gas hydrates 

formed in these small cells, hydrate dissociation occurs rapidly and dissociated gas is 

produced very fast because gas is not exposed to follow long distances to the 

production valve. Therefore, during numerical simulations, the kinetic formula in 

Equation (5-14) should be used to predict the experimental conditions in these small 

high pressure cells. According to Ruan et al. (2012), the flow mechanism in these 

small high pressure cells is called “kinetic-controlled mechanism”. In these small 

(centimeter) scale systems, the determining factors are phase change kinetics and heat 

transport but not mass transport (Nagao, 2012; Konno et al.,2014). However, in the 

cases of real gas hydrate reservoirs or large high pressure reactors, gas production 

process is more likely to be “flow-controlled”.  The predominant factor in the early 

production stage is the mass transfer and in the later stages of gas production, the 

predominant factor becomes heat transfer. Phase change kinetics in large scale 

systems is negligible compared to small scale systems (Nagao, 2012; Konno et al., 

2014; Yang et al., 2014; Wang et al., 2016; Feng et al., 2017). Hence, recently, there 

is a tendency to construct and use large high pressure reactors for gas hydrate studies 

mimicking  the fluid flow, heat transfer, and mass transfer as in real gas hydrate 

reservoirs (Konno et al., 2014; Wang et al., 2016; Feng et al., 2017).  Numerical 

simulators are important tools to compare the experimental results with calculated 

results of gas production from gas hydrates. Both equilibrium and kinetic models 

used in these numerical simulators give quite similar results in larger scale systems 
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by thermal stimulation and depressurization (Kowalsky and Moridis, 2007).  

Moreover, they also conducted the simulation studies to determine the behavior of 

the core sample (Length: 3 m and Diameter: 3.13 cm) taken from the hydrate reservoir 

to surface with kinetic and equilibrium model of Tough + Hydrate.  

 

Figure 7-13: a) Flow rate (QR) b) Total gas production (VR) (Kowalsky and Moridis 

2007) 

 

As shown in Figure 7-13, the gas flow rate and total gas produced are quite different 

with equilibrium and kinetic model. The equilibrium model overpredicts gas flow 

rate and total gas production. Similarly, Birkedal et al. (2014) proposed that kinetic 

reaction modeling was necessary on core scale simulations, both in terms of accuracy 

and computational time after conducting depressurization experiments and 

simulations on the core sample (Bentheim sandstone) inside a high pressure cell with 

a volume of 171 cm3. For example, Li et al. (2014b) conducted similar study for 117.8 

L cylindrical high pressure reactor (PHS) and compared the experimental results and 

numerical results of kinetic and equilibrium models. They proved that their high 

pressure reactor can be used to simulate real gas hydrate conditions because the 

comparisons of the kinetic and equilibrium models with the depressurization 

experimental data indicate that the kinetic limitations are very small in the PHS (Li 

et al., 2014; Li et al., 2014b). For this reason, large high pressure reactors are 

preferred in the gas production experiments from gas hydrates and some of those are 

shown in Table 7-8. 
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Table 7-8: High pressure reactors used for gas hydrate studies recently 

 

Source 

Type of High 

Pressure 

Reactor 

Volume, L Dimensions 

Cheng et al.(2015) Cylindrical 5.0  

30 cm in diameter 

7 cm in height 

20 MPa 

Feng et al. (2015), Feng 

et al.(2017) 

Cubic 5.832  

18 cm side length 

30 MPa 

Yang et al. (2012) Cylindrical 7.0  

30 cm in diameter 

10 cm in height 

16 MPa 

Fitzgerald and Castaldi 

(2013) 

Cylindrical 59.3  

34.8 cm in diameter 

91.4 cm in height 

13.8 MPa 

Li et al. (2014), Li et al. 

(2014b), Wang et al. 

(2016), Feng et al.(2017) 

Cylindrical 117.8  

50 cm in diameter 

60 cm in height 

30 MPa 

Schicks et al. (2011b), 

Heeschen et al. (2016) 

Cylindrical 425 

60 cm in diameter 

150 cm in length  

25 MPa 

Konno et al. (2014) Cylindrical 1710 

100 cm in diameter 

217.8 cm in length 
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By considering all factors mentioned above and also the Black Sea conditions, a high 

pressure reactor (METU Reactor) was designed in this study. As seen in Table 7-8, 

most of currently available high pressure reactors are cylindrical except one cubic. 

Gas hydrates form at high pressures, especially if hydrate forming temperature 

increases, pressure increases. The resistance to high pressure is higher in cylindrical 

reactors compared to cubic reactors. Therefore, in this study, the cylindrical high 

pressure reactor was preferred.  

 

Large size high pressure reactors are better for the representation of real gas hydrate 

fields. However, with extremely large size high pressure reactors, there are some 

certain problems such as: 

 Long time of hydrate formation in the sediments (e.g. 10 hours in 288 mL 

reactor (Zhao et al., 2016); 1 month for large high pressure reactor in 1710 L 

HIGUMA (Li et al., 2012; Konno et al., 2014)); 3 months for 90 % gas 

hydrate in sediments inside LARS (210 L sample) (Heeschen et al., 2016) 

 Long time of production experiments 

 High numbers of personnels needed to deal with the experiment  

 High amount of gas consumption (See Table 7-9) 

 Additional costs of gas flow meter, pump, etc. with high capacity 

 Safety risks 

 

In HIGUMA reactor (1710 L), hydrate formation in the sediments took almost 30 

days (Konno et al., 2014). Therefore, when considering the economy, personnel 

number, additional costs of high pressure reactors, in this study, we tried to design 

the optimum high pressure reactor with low cost as much as possible and capability 

of representing real field gas hydrate conditions. The cold room is an important 

experimental equipment to keep temperature constant at desired temperatures. It is a 

cube with 3 m size. It keeps temperature constant between -5 oC and 25 oC. Therefore, 

during the size determination of the high pressure reactor, the size of the door of the 

constant temperature room and other external factors were also considered. Then, a 
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cylindrical high pressure reactor with almost 30 cm inner height and 30 cm inner 

diameter with an inner volume of ~21.64 L was selected.  

 

Figure 7-14: General view of the high pressure reactor (METU reactor) 

 

As seen in Figure 7-14, the high pressure reactor (METU reactor) is hung on the 

carrying unit. There is also a rotating unit which can be used to rotate METU reactor. 

After making necessary connections of the thermowells and thermocouples from the 

top part of METU reactor, it is planned to rotate METU reactor 180o. Then, the 

bottom part will be on the top part after the rotation and METU reactor is filled with 

sediments. When mesh is inserted above the sediments and other necessary 

connections are completed, gas and water are injected at desired amount. Hence, it is 

planned to form hydrate in the rotated position by decreasing temperature of the cold 

room. When the target hydrate and water saturations are reached in the reactor, 

METU reactor is rotated to its original position. Finally, hydrate is on the top of the 

reactor and there is a free gas section below hydrate section when METU reactor is 
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in its original position. Then, at these conditions, depressurization experiments can 

be started by producing gas from free gas section. Generally, it is thought that gas 

should be produced from free gas section of Class 1 hydrate reservoirs so when 

pressure decreases in free gas section, dissociated gas and water flow through free 

gas zone. By using METU reactor with mesh, it is aimed to investigate this 

characteristic behavior of gas production from Class 1 hydrate reservoirs. 

 

Table 7-9: Comparison of HIGUMA and METU reactor 

Reactor 
Diameter, 

cm 

Length, 

cm 

Volume 

of 

Empty 

Cell, 

L 

Weight 

of 

Empty 

Cell, 

kg 

Sand 

Weight, 

kg 

Water 

Weight, 

kg 

Gas 

Volume 

at STP, 

L 

Higuma  100 217.8 1710 1200 1300 632.83 54830.4 

 

METU 

 

30.63 30.0 21.64 180 32.7 8.0 693.9 

 

In order to compare the amount of water, sand, and gas needed to satisfy the following 

conditions, Sh: 39 %; Sw:55 %; Sg: 6 % and porosity: 43 % at 10 MPa and 10 oC, these 

parameters were calculated by using SM.m code (code written in this study to 

calculate amount of gas and water needed for target saturation and explained in the 

following sections) for HIGUMA reactor (Konno et al., 2014) and METU reactor 

(designed in this study in Figure 7-14). As seen in Table 7-9, the amount of sand, 

water and gas needed to satisfy desired conditions (Sh: 39 %; Sw: 55 %; Sg: 6 % and 

porosity: 43 %) are very high for HIGUMA reactor compared to METU reactor. 

Dealing with large systems as HIGUMA reactor is expensive and time consuming 

especially for universities. Therefore, in this study, it was aimed to design METU 

reactor with optimum volume. However, before the final decision, in order to 

understand whether this reactor is capable to represent the field conditions or not, the 

numerical simulations with HydrateResSim were conducted for different scenarios. 

According to the results, the 21.64 L high pressure reactor (METU reactor) designed 
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in this study can be used to investigate flow-controlled gas production mechanism 

from gas hydrate reservoirs by different production methods. Innosys Innovative 

Systems in Turkey drew and designed METU reactor in terms of mechanical concepts 

such as mechanical design, resistance to pressure, rust, etc. (Innosys, 2016). The 

general view of the high pressure reactor (METU reactor) is shown in Figure 7-14. 

 

In order to check whether 21.64 L high pressure reactor in this study has dissociation 

controlled or flow-controlled behavior during depressurization experiments, several 

numerical simulations were run by using the equilibrium and kinetic model option of 

HydrateResSim numerical simulator.  In Chapter 3, it was proposed that there is a 

huge potential of Class 1 hydrates in the Black Sea. Class 1 hydrates consist of 

hydrate in the upper section and free gas in the lower section. The saturations in the 

upper (hydrate) section are quite important. The upper section might consist of 

hydrate and free gas (Class 1G) or hydrate and free water (Class 1W). According to 

Alp et al. (2007) and Moridis et al. (2013), Class 1G is the most desired type of 

hydrate reservoirs in nature for effective gas production. Vassilev and Dimitrov 

(2003) stated that hydrate content in the Black Sea sediments can increase up to 45-

65 % at the base of hydrate stability zone. Therefore, in the simulation study, the 

hydrate saturation in the upper section was selected as 50 %. As seen in Figure 3-3 

and according to Klauda and Sandler (2003) and Vassilev (2006), the average 

temperature of the Black Sea sediments at seafloor is 9oC. It is expected that gas 

hydrates in the Black Sea might have higher reservoir temperatures in deeper parts 

below seafloor because with depth, the temperature of sediments increases by 

geothermal gradient. However, generally as an average temperature in the Black Sea 

hydrate studies, 9oC is selected. Therefore, this temperature was chosen in the 

simulation study. Hydrate equilibrium pressure at 9 oC for CH4 is around 6.47 MPa. 

The conditions of the Class 1 reservoirs are close to hydrate equilibrium points. In 

Table 7-10, the conditions chosen for the numerical simulations of gas production 

from the high pressure reactor in this study by depressurization are shown. 
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Table 7-10: The conditions for the simulations of METU reactor 

Simulation 

Set 

Reactor 

Design 
Phases  Saturations 

Temperature 

and Pressure 

Models 

used 

1 
Whole 

Reactor 

Hydrate + 

Gas  

Sh: 0.50; 

Sg: 0.50 

T: 9 oC  

P: 6.46 MPa 

Equilibrium  

Kinetic 

2 
Whole 

Reactor 

Hydrate + 

Water 

Sh: 0.50; 

Saq: 0.50 

T: 9 oC  

P: 6.50 MPa 

Equilibrium  

Kinetic 

3 

Reactor 

separated 

by mesh  

Hydrate + 

Gas 

Sh: 0.50; 

Sg: 0.50 

T: 9 oC  

P: 6.46 MPa 

 

Equilibrium  

 

4 

Reactor 

separated 

by mesh  

Hydrate + 

Water 

Sh: 0.50; 

Saq: 0.50 

T: 9 oC  

P: 6.50 MPa 
Equilibrium 

 

 

Figure 7-15: Schematics describing gas production behavior in METU reactor for A) 

Simulation set 1 and 2 B) Simulation set 3 and set 4 
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During the design of the high pressure reactor, as seen in Figure 7-15-B, 5 cm above 

the bottom of the high pressure reactor, the separator with 100 mesh (149 microns) is 

put and it is portable. It can be used to separate gas hydrate zone and free gas zone to 

mimic Class 1 hydrate reservoir as seen in Figure 7-15-B. Moreover, it is useful to 

avoid the blocking of the lines (pipes) by newly formed ice or hydrate during 

especially depressurization experiments because gas is produced through the free 

(empty) zone then through the well (Figure 7-15-B). In the high pressure reactors 

similar to the one in the Figure 7-15-A, during the gas production, the pipes were 

plugged by hydrate and or ice formed in the experimental studies of Ors (2012), 

Abbasov (2014), Wang et al. (2016) and the laboratory scale numerical simulation 

study of Merey and Sinayuc (2015) . 

 

In order to see the effect of using the separator, the numerical simulations were run 

with and without separator as seen in Table 7-10 by using HydrateResSim numerical 

simulator. HydrateResSim was written in Fortran 95/2003. To run the source code of 

HydrateResSim, Simply Fortran (2.23 version) was used in all simulations in this 

study. Moreover, while preparing the input file of HydrateResSim, grids are 

rearranged if there are boundaries or constant pressure and or temperature grids. 

When the output file is obtained, it is needed to rearrange output data to plot output 

results such as pressure, temperature, gas hydrate (Sh) saturation distribution, aqueous 

(Saq) saturation distribution and gas (Sg) saturation distribution. Therefore, this 

procedure takes quite long time especially when grid number is high. In this study, a 

Matlab code was written to solve this problem. This code takes the output data of 

numerical simulations in HydrateResSim and automatically rearranges output data 

and draws necessary figures by using mesh and plot coordinates of the model. 

 

In simulation set 1 and set 2, the high pressure reactor is assumed to be fully filled by 

gas hydrate containing Sh: 0.5 and Sg: 0.5 (Class 1G) and Sh and Saq: 0.5 (Class 1W) 

and depressurization starts from the well connected to the bottom of the reactor. 

However, for simulation set 3 and set 4, the high pressure reactor is separated by 

separator with mesh. In the upper section, gas hydrate forms and it contains Sh: 0.5 

and Sg: 0.5 (Class 1G) and Sh and Saq: 0.5 (Class 1W) for simulation set 3 and set 4 
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respectively. In simulation set 3, firstly, gas is produced from the empty zone, and 

pressure is decreased below gas hydrate equilibrium conditions in the hydrate section. 

Gas evolved from hydrate dissociation flows through the empty zone and then 

through the well. 

 

The details of the conditions in the high pressure reactor for simulation sets 1, 2, 3 

and 4 are shown in Table 7-10 and Table 7-11. All of the parameters such as rock 

grain density, wet thermal conductivity, permeability and porosity for the Black sea 

conditions were obtained from the study of Vassilev (2006). The steel used for METU 

reactor, US360 and it is stainless (specific heat: 502 J/kg. K). The property of US360 

steel is also included in Table 7-11.  
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Table 7-11: Simulation parameters for METU reactor at the Black Sea conditions 

 

Simulations  1 2 3 4 

Radius of the 

Cell 
15 cm 15 cm 15 cm 15 cm 

Length of the 

Cell 
30 cm 30 cm 30 cm 30 cm 

Grids along r 

direction  
28 28 28 28 

Grids along z 

direction  
62 62 62 62 

Porosity 0.50 0.50 0.50 0.50 

Permeability 
9.87E-13 m2 

(1 D) 

9.87E-13 m2 

(1 D) 

9.87E-13 m2 

(1 D) 

9.87E-13 m2 

(1 D) 

Rock Grain 

Density 
2700 kg/m3 2700 kg/m3 2700 kg/m3 2700 kg/m3 

Wet Thermal 

Conductivity 
3.4 W/(m.K) 

3.4  

W/(m.K) 

3.4  

W/(m.K) 

3.4  

W/(m.K) 

Steel Thermal 

Conductivity 

16.2 

W/(m.K) 

16.2 

W/(m.K) 
16.2 W/(m.K) 

16.2  

W/(m.K) 

Capillary 

Pressure 

Parameters- van 

Genuchten 

Srw: 0.240       

n: 1.84        

Srw: 0.240       

n: 1.84        

Srw: 0.240       

n: 1.84        

Srw: 0.240       

n: 1.84       

Relative 

Permeability 

Parameters-

Modified Stone 

Srw: 0.250       

Srg: 0 .02       

n: 3.0 

Srw: 0.250       

Srg: 0 .02       

n: 3.0 

Srw: 0.250       

Srg: 0 .02       

n: 3.0 

Srw: 0.250       

Srg: 0 .02       

n: 3.0 
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In Figure 7-16, the initial gas hydrate saturations and cartesian grids (28 grid along r 

direction and 62 grids along z direction) in the half of cylindrical high pressure reactor 

(METU reactor) for simulation sets 1, 2, 3 and 4 are shown. The blue section in Figure 

7-16-A has zero hydrate concentration because it is the wall of the reactor. Figure 

7-16-B has also zero hydrate concentrations as in Figure 7-16-A. However, in the free 

zone (or empty zone), there is no gas hydrate and initially only filled with free gas. 

Red arrows show the grid where the depressurization starts via production well. 

 

Figure 7-16: Gas hydrate saturation with grids in the half of the high pressure 

cylindrical reactor A) for simulation set 1 and set 2 B) for simulation set 3 and set 4 

 

Both kinetic and equilibrium model were run by HydrateResSim for simulation sets 

1 and 2 and the results were compared. In the kinetic model, the data of intrinsic 

hydrate reaction constant (Ko) and hydrate activation energy (∆Ea) are needed. 

However, these data for the Black Sea sediments are not available because there is 

no study and effort on this and also gas hydrate samples should be taken from the 

Black Sea sediments without any disturbance. Therefore, by analogy, the kinetic 

model parameters (Ko: 503.75 mol/m2. Pa. s and ∆Ea:80.9 kJ/mol) of the study of Li 

et al. (2014b) were used in this study. 
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In Figure 7-17 and Figure 7-18, the cumulative gas production and water production 

in simulation set 1 (Hydrate + Gas) by depressurization at different production 

pressures are shown. In the simulation set 1, the simulations of gas production from 

the high pressure reactor by depressurization at different pressures for both 

equilibrium and kinetic model were run by using HydrateResSim simulator. Figure 

7-17-B and Figure 7-18-B show the first stages (depressurization stage) of constant 

pressure depressurization method for gas and water production respectively. Due to 

depressurization, initially most of water and or gas are produced. When pressure 

decreases to the depressurization pressure, hydrate dissociation becomes slower 

because the fugacity difference is very small as in Equation (5-14). This stage is 

called constant pressure stage or hydrate dissociation stage. As shown in Figure 7-17, 

Figure 7-18, Figure 7-19 and Figure 7-20, equilibrium and kinetic models are 

approximately equal to each other. This means that the high pressure reactor designed 

in this study have capability to investigate the gas production from real gas hydrate 

reservoirs in the Black Sea conditions by depressurization method. 

 

Figure 7-17: Cumulative gas production in simulation set 1 A) Depressurization 

stage + Constant pressure stage B) Depressurization stage 
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Figure 7-18: Cumulative water production in simulation set 1 A) Depressurization 

stage + Constant pressure stage B) Depressurization stage 

 

 

Figure 7-19: Gas to water production ratio in simulation set 1 
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Figure 7-19 indicates gas to water production ratio for simulation set 1. As seen in 

this figure, initially the lowest gas to water production ratio was obtained at 5 MPa 

because gas production at 5 MPa is lowest. As gas production continues while 

applying depressurization method, gas to water production ratio decreases with time. 

In simulation set 1, initially gas hydrate saturation is 50 % and gas saturation is 50 % 

as shown in Table 7-10. Therefore, water production starts with hydrate dissociation 

and gas to water production ratio decreases with time because initially there is no free 

water in pores in simulation set 1. 

 

 

Figure 7-20: Gas production rate in simulation set 1 

 

Figure 7-20 shows the gas production flow rate during depressurization at different 

pressures in the simulation set 1. As seen in Figure 7-20, initially gas production flow 

rate is quite high because the high pressure reactor includes hydrate and free gas in 

the pores of sediments. After the peak in the gas flow rate up to ~0.22 m3/second 

(13200 L/minute) for the depressurization pressure of 2.7 MPa, gas production flow 

rate decreases and almost become constant around ~0.000127 m3/second (7.62 

L/min) until production stops. When free gas is produced from the high pressure 
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reactor, gas is only produced from hydrate dissociation so the gas flow rate becomes 

very slow. These gas production rates are important for the selection of gas flow 

meter. As shown in Figure 7-12, produced gas and water mixture flow through the 

separator and then water is separated. Gas flow meter measures the rate of gas 

production. Water flow rate is also measured by using weight balance. Therefore, for 

the selection of gas flow meter range and weight balance range, these simulations are 

also important before conducting any experiment. 

 

In simulation set 1, the most gas production was obtained at 2.7 MPa compared to 

other depressurization pressures because a larger depressurization range led to faster 

dissociation until certain value. Similar results were obtained in the study of Yang et 

al. (2015). As depressurization pressure decreases, gas production increases because 

fugacity difference in Equation (5-14) becomes larger. Below 2.7 MPa, there is a risk 

of ice formation in the high pressure reactor due to fast depressurization at 9oC. In 

some experimental studies such as in the study of Wang et al. (2016), the heat 

released due to ice formation provides additional heats to the system and increases 

hydrate dissociation rate, but there is also a risk of permeability reduction due to ice 

formation. Therefore, during the simulations for the design of high pressure reactor, 

we selected the depressurization pressure outside the region of ice formation because 

it is a controversial issue and real experimental results are needed. Moreover, in 

deeper part of the Black Sea sediments, almost there is no risk of ice formation except 

the risk of ice formations along the wellbores, which is discussed further in the 

hypothetical gas hydrate reservoir numerical simulations in the Black Sea conditions 

in this study. Figure 7-21 illustrates the changes in pressure, temperature, hydrate 

saturation (Sh), gas saturation (Sg), and aqueous saturation (Saq) with time at 2.7 MPa 

(depressurization pressure). As free gas is produced and pressure is decreased, 

hydrate dissociation starts. Temperature inside the reactor decreases to approximately 

1oC because hydrate dissociation is an endothermic process. The steel wall of the high 

pressure reactor behaves like constant temperature boundary. When the temperature 

inside METU reactor decreases due to hydrate dissociation, there are heat fluxes from 

the walls of the high pressure reactor through hydrate section. Hence, hydrate 

saturation decreases through the walls of the reactor as seen in Figure 7-21.  
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Similar observations as in Figure 7-21 were obtained in different simulations studies 

in high pressure reactors such as Alexiades (2009), Konno et al. (2010b), Li et al. 

(2014) and Li et al. (2014b). When hydrate dissociation stops, the temperature inside 

the reactor increases to the initial temperature with the heat flux from the constant 

temperature boundary in Figure 7-21. In Simulation set 1, initially there are 1.29 

standard m3 of CH4 and 4.351 kg of water in METU reactor. At 2.7 MPa, 

approximately 98 % of CH4 and 72.8 % of water were produced. 

 

In order to check whether the high pressure reactor (METU reactor) in this study can 

simulate the real field conditions in Class 1W hydrates experimentally, the simulation 

set 2 (Hydrate + Water) were run at different depressurization pressures for both 

kinetic and equilibrium models. Figure 7-22, Figure 7-23, Figure 7-24 and Figure 

7-25 were obtained. Similar to the simulation set 1, gas is produced in two stages as 

depressurization stage and constant pressure stage in Figure 7-22. In this case, 

initially free water is produced and pressure is decreased by applying depressurization 

method. Gas production and water production with equilibrium and kinetic models 

were almost equal to each other for each depressurization pressure. Therefore, the 

high pressure reactor designed in this study can represent “flow-controlled” field 

production. 

 
Figure 7-22: Cumulative water production in simulation set 2 A) Depressurization 

stage + Constant pressure stage B) Depressurization stage 
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Figure 7-23: Cumulative water production in simulation set 2 A) Depressurization 

Stage + Constant pressure stage B) Depressurization stage 

 

 

 

Figure 7-24: Gas to water production ratio in simulation set 2 
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Figure 7-24 indicates gas to water production ratio for simulation set 2. As seen in 

this figure, initially gas to water production ratio suddenly increases during 

depressurization because in simulation set 2, hydrate saturation is 50 % and water 

saturation is 50 % in Table 7-10. Therefore, with gas hydrate dissociation, gas to 

water production ratio increases then decreases with time because of high amount of 

water released after gas hydrate dissociation. 

 

 

Figure 7-25: Gas production rate in simulation set 2 

 

Gas production and gas flow rate are the highest at 2.7 MPa depressurization pressure 

in the simulation set 2 as shown in Figure 7-25. The highest gas production rate is 

initially around 0.000176 m3/second (105.6 L/minute). This value is very low 

compared to the gas flow rate in the simulation set 1 at 2.7 MPa because in the 

simulation set 1, initially pores are filled with free gas but in the simulation set 2, 

pores are filled with free water. After the peak in the gas flow rate, the gas flow rate 

is as an average around 5x10-5 m3/second (3 L/minute). 
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Similar to the simulation set 1 at 2.7 MPa, in this case (see Figure 7-26) also, the wall 

of the high pressure reactor behaves like a constant temperature boundary. Gas 

hydrate dissociation starts near the walls of the reactor and gas saturations increase 

near the walls. Temperature inside the reactor decreases below 2 oC and when gas 

hydrate completely disappears, the temperature of the reactor turns to its initial value 

after a certain time. Water saturation decreases also with time. However, as seen in 

Figure 7-26, water saturation in the bottom of the reactor increases with gas 

production from gas hydrates and this is due to gravity effect. In Simulation set 2, 

initially there are 0.9112 standard m3 of CH4 and 9.75 kg of water inside METU 

reactor. At 2.7 MPa, approximately 94.6 % of CH4 and 28.7 % of water were 

produced. Water production recovery at 2.7 MPa is low in Simulation set 2 compared 

to Simulation Set 1 because initially water saturation is 50 % in METU reactor. 

 

For the simulation set 1 and set 2, by analogy, the kinetic parameters of Li et al. 

(2014b) were selected to compare the kinetic model and equilibrium model. Between 

the equilibrium and kinetic models, there was a good agreement for all 

depressurization pressures because the large size (~21.64 L) of the high pressure 

reactor designed in this study (METU reactor) has a capability to represent “flow-

controlled mechanism” as in real hydrate field conditions. It was observed that 2.7 

MPa is the optimum depressurization pressure among the depressurization pressures 

for both simulations set 1 and set 2. In order to see the effect of kinetic parameters, 

different kinetic parameters of Moridis et al. (2005b) were used at 2.7 MPa and 3.0 

MPa and the values were compared to those of Li et al. (2014b). Table 7-12 shows 

the values of intrinsic hydrate reaction constant (Ko) and hydrate activation energy 

(∆Ea). 

 

Table 7-12: Kinetic parameters chosen for the kinetic model comparison 

Source Ko, mol/m2.Pa.s ∆Ea, kJ/mol 

Li et al. (2014b) 503.75 80.9 

Moridis et al. (2005b) 1.78e6 89.7 



170 

 

The comparisons of two kinetic models (with the data of Li et al., 2014b and Moridis 

et al., 2015b) and equilibrium models at 2.7 MPa and 3.0 MPa for both the simulation 

set 1 and set 2. Figure 7-27, Figure 7-28, Figure 7-29, and Figure 7-30 show the 

kinetic model comparisons of the cumulative gas production and water production at 

2.7 MPa and 3.0 MPa for simulation set 1 and set 2. Although there are little 

differences between the production data of these two kinetic models, the production 

curves are very close to each other. Therefore, in the simulations of the high pressure 

reactor (METU reactor) designed in this study, the equilibrium model can be used 

because the flow mechanism in this reactor is not expected to be “dissociation-

controlled”. Moreover, there is a confusion about the determination and selection of 

kinetic model parameters in the literature as stated in Chapter 5, so detailed studies 

on this topic are needed. Temperature, pressure, gas composition, pore size, the 

composition of sediments, etc. affect the parameters of the kinetic models. Hence, it 

is crucial to have a large high pressure reactor in which the effects of kinetic 

parameters on gas and water production are negligible.  

 

 

Figure 7-27: Equilibrium and kinetic models comparisons in simulation set 1 at the 

depressurization pressure of 2.7 MPa A) Cumulative gas production B) Cumulative 

water production 
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Figure 7-28: Equilibrium and kinetic models comparisons in simulation set 1 at the 

depressurization pressure of 3.0 MPa A) Cumulative gas production B) Cumulative 

water production 

 

Figure 7-29: Equilibrium and kinetic models comparisons in simulation set 2 at the 

depressurization pressure of 2.7 MPa A) Cumulative gas production B) Cumulative 

water production 
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Figure 7-30: Equilibrium and kinetic models comparisons in simulation set 2 at the 

depressurization pressure of 3.0 MPa A) Cumulative gas production B) Cumulative 

water production 

 

After proving the capability of the high pressure reactor (METU reactor) designed in 

this study for flow-controlled gas production experiments from gas hydrate 

reservoirs, a separator with 100 mesh size was designed as seen in Figure 7-15. The 

separator is portable and it is set 5 cm above the bottom of the reactor. As shown in 

Figure 7-15-B, when pressure is decreased by producing gas in sediment and free 

section in the high pressure reactor, gas hydrate dissociates in the hydrate section and 

gas evolved flows through the sediment free zone. The aim of this reactor with 

separator is to mimic Class 1 hydrate, horizontal wells and also to avoid any plugging 

of lines due to hydrate reformation or ice formation. 
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Figure 7-31: A) Cumulative gas production in simulation set 3 B) Cumulative water 

production in simulation set 3 

 

In simulation set 3, it was assumed that the reactor is divided into two sections by 

separator with 100 mesh as illustrated in Figure 7-15-B. The upper section of the 

reactor contains hydrate and free gas in pores. Initial conditions of the simulations 

are listed in Table 7-10. Cumulative gas and water production are shown in Figure 

7-31. Below 2.7 MPa, gas production from hydrate section stops due to ice formation 

and plugging of the pores. As production (depressurization) pressure decreases, gas 

production increases. Similar to the previous simulations, in this simulation set, gas 

production rate is very fast at first because free gas in the sediment free zone and 

pores are produced first. Then, gas production rate becomes slower in the constant 

pressure zone. The highest gas production is at 2.7 MPa. 
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Figure 7-32 shows gas to water production ratio for simulation set 3. As seen in this 

figure, initially gas to water production ratio is quite high due to free gas in lower 

section of the high pressure reactor (METU reactor) and free gas in the pores of the 

sediments during depressurization. Table 7-10 indicates that hydrate saturation is 50 

% and gas saturation is 50 % in hydrate section of simulation set 3 (see Figure 7-15-

B). Gas to water production ratio decreases with time because the high amount of 

water is released with gas hydrate dissociation. 

 

 

Figure 7-32: Gas to water production ratio in simulation set 3 

 

Due to sudden pressure decrease from 6.5 MPa to desired depressurization pressure, 

in simulation set 3, at very early time of the production, gas production rate peak is 

more than 1600 m3/second (9.6e7 L/min) (see Figure 7-33). This is very high. 

However, when pressure is around the desired depressurization pressure, gas 

production rate decreases to below 1e-3 m3/second (60 L/min) and gas evolved from 

hydrate dissociation is the main source of gas production in the constant pressure 

stage. 
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Figure 7-33: Gas production rate in simulation set 3 

 

In Figure 7-34, the changes of pressure, temperature, gas hydrate saturation (Sh), gas 

saturation (Sg) and aqueous saturation (Saq) with time at 2.7 MPa are shown. Similar 

to simulation set 1 and set 2, the walls of the high pressure reactor (METU reactor) 

behave like a constant temperature boundary and when the temperature inside the 

reactor decreases with time due to endothermic hydrate dissociation, there is a heat 

flux from boundaries. In simulation set 3, the high pressure reactor has an empty zone 

(where there is no sediments). Therefore, water evolved from hydrate dissociation 

flows through the zone and fills the bottom of the reactor with water with time. In 

Simulation set 3, initially there are 1.338 standard m3 of CH4 and 3.63 kg of water 

inside METU reactor. At 2.7 MPa, approximately 98.1 % of CH4 and 35.9 % of water 

were produced. Water production recovery at 2.7 MPa is low in Simulation set 3 

compared to Simulation Set 1 because some of water was collected in the bottom 

(free section below portable mesh) of METU reactor 
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The cumulative gas production, water production, gas to water production ratio, and 

gas flow rate of the simulation set 4 at different depressurization pressures are shown 

in Figure 7-35, Figure 7-36 and Figure 7-37 respectively.  

 

 

Figure 7-35: A) Cumulative gas production in simulation set 4 B) Cumulative water 

production in simulation set 4 

 

In the gas hydrate section of simulation set 4, water saturation and gas saturation are 

50 % while in the lower part of the high pressure reactor, gas saturation is 100 %. 

Hence, initially gas to water production is high in Figure 7-36. However, after 

depressurization of free gas from the pores and the lower part of the high pressure 

reactor (free zone), gas to water production ratio decreases due to the high amount of 

water released with gas hydrate dissociation. Initially gas production rate is very high 

and the maximum gas flow rate is approximately 1262 m3/second (7.6e7 L/min) as 

seen in Figure 7-37 at 2.7 MPa and average gas production rate is nearly 9.0e-4 

m3/second (54 L/min). Figure 7-38 shows the changes of pressure, temperature and 

saturations with time are shown. Similar to other simulation sets, temperature 

decreases with hydrate dissociation and gas hydrate dissociates from boundaries to 

the interior of the high pressure reactor. Moreover, as gas is produced from free 

section (empty zone), it is filled by water due to gravity so water saturation in free 

zone increases with time. 
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Figure 7-36: Gas to water production ratio in simulation set 4 

 

 

Figure 7-37: Gas production rate in simulation set 4 
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In Simulation set 4, initially there are 0.992 standard m3 of CH4 and 8.12 kg of water 

inside METU reactor. At 2.7 MPa, approximately 74.8 % of CH4 and 38.7 % of water 

were produced. Water production recovery at 2.7 MPa is low because some of water 

was collected in the bottom (free section below portable mesh) of METU reactor. 

 

Table 7-13: Maximum gas flow rate, average gas flow rate and maximum water 

production in the simulations of the high pressure reactor (METU reactor) 

Simulation 
Maximum Gas 

Flow Rate 

Average Gas Flow 

Rate 

Maximum 

Cumulative 

Water Produced, 

kg 

1 
0.22 m3/second 

(13200 L/min) 

1.27e-4 m3/second 

(7.62 L/min) 
3.20 

2 
0.0134 m3/second 

(804 L/min) 

5e-5 m3/second 

(3 L/min) 
2.80 

3 
1681 m3/second (1e8 

L/min) 

6.1e-4 m3/second 

(36.6 L/min) 
2.66 

4 
1262 m3/second 

(7.6e7 L/min) 

9.0e-4 m3/second 

(54 L/min) 
3.84 

 

Table 7-13 lists the maximum gas flow rates, average gas flow rates and maximum 

water production during the simulations of the high pressure reactor by using 

HydrateResSim numerical simulator. As shown in Figure 7-12, during 

depressurization, gas and water produced through the production well are sent to the 

gas-water separator. Gas-water separator is on the weight balance and the amount of 

produced water with time is recorded. After leaving the produced water in gas-water 

separator, gas flow through gas flow meter and gas flow rate is recorded. Table 7-13 

is very useful for the design of gas-water separator and the selection of gas flow rate. 

In the laboratory facility, there is a weight balance with 0-100 kg (with 1-gram 

accuracy) and which can be used for the planned experiments. Due to fast 

depressurization in the simulations studies, in the very early times, gas flow rates are 

very high as seen in Table 7-13. However, in real case, it is planned to decrease the 

initial pressure (6.5 MPa) to desired pressure in controlled way by regulating the 

production valve. Therefore, it is better to use the average gas flow rate for the 
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selection of gas flow rates. A gas flow meter with CH4 100 L/minute is highly enough 

for the experimental studies for Black Sea gas hydrates. 

 

As seen in Figure 7-21, Figure 7-26, Figure 7-34, and Figure 7-38, the temperature 

inside the high pressure reactor (METU reactor) decreases with hydrate dissociation 

by depressurization. When all gas hydrate dissociates, temperature inside the reactor 

goes to its original temperature by heat flux from the walls of the high pressure 

reactor. It is known that hydrate formation is exothermic and hydrate dissociation is 

endothermic. Therefore, temperature changes give clues about hydrate formation or 

hydrate dissociation. Furthermore, in the experimental conditions, it is difficult to 

form uniform gas hydrate saturation in the reactor. There are certain procedures to 

form homogenous gas hydrates in sediments. For this reason, it is important to check 

homogenous gas hydrate formation inside sediments, gas hydrate dissociation and 

any ice formation by measuring temperatures at different locations in the high 

pressure reactor. For this purpose, 16 thermocouples are suggested to be distributed 

equally inside the high pressure reactor (METU reactor). 

 

7.4 Depressurization Simulations in Field Cases in the Black Sea 

 

7.4.1 Class 1 Hydrate Reservoir Simulations 

 

All BSRs, seafloor samples and gas hydrate samples recovered indicate that there is 

a huge potential of CH4 hydrates in the Black Sea. As stated earlier, Class 1 hydrates 

are the most preferred hydrate reservoirs among Class 1, 2, and 3 because of its free 

gas potential below hydrate zone and the ease of dissociation of hydrate by 

depressurization. BSRs detected by seismic studies are the most important proof of 

Class 1 hydrate potential in the Black Sea. 

 

In this study, firstly, a hypothetical Class 1 methane (CH4) hydrate reservoir was 

selected for the simulation study. For the simulation of gas production from the 

hypothetical reservoir, HydrateResSim numerical simulator were used in this study. 

Klauda and Sandler (2003) estimated that the greatest amount of CH4 hydrate can be 
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found in the southern Black Sea bordering Turkey as seen in Figure 7-39. The area 

shown inside a black circle in Figure 7-39 was selected for a hypothetical Class 1 

CH4 hydrate reservoir. This area is also close to the BSRs detected by Küçük et al. 

(2015). Porosity, rock grain density, wet thermal conductivity, and temperature 

gradient data in the selected area were found from the study of Vassilev (2006) and 

other data used for the simulations in this study are shown in Table 7-14.  

 

Figure 7-39: CH4 at standard conditions in the Black Sea hydrates (Klauda and 

Sandler, 2003) 

 

The properties of the hypothetical Class 1 CH4 hydrate in the Black Sea conditions 

are shown in Table 7-14. Class 1 hydrate reservoir is bounded by two impermeable 

shale or clay boundaries with 5 m thickness. Gas production from hydrate zone 

bounded with impermeable layers is better than in the other conditions (permeable 

boundary layers) because pressure can diffuse upward and downward to the 

boundaries and the released gas cannot escape when there are impermeable layers 

(Sun et al., 2015). Therefore, the hypothetical reservoir (Class 1) was assumed to be 

bounded by impermeable shale or clay layers. Thicknesses of the hydrate layer and 

free gas layer in the hypothetical reservoir are 20 m each. For the Black Sea, there is 

no well drilled for the exploration of gas hydrates. Therefore, it is hard to predict the 

thickness of gas hydrate zone and free gas zone in Class 1 reservoirs. For the 

hypothetical hydrate simulations, Alp et al. (2007) simulated gas production from 

Class 1W and Class 1G reservoir with 16 m hydrate zone and 16 m free zone by using 

Tough-Fx/Hydrate numerical simulator. Similarly, Moridis and Kowalsky (2006) 

made simulations studies for Class 1 hydrate with 30 m hydrate zone and 30 m free 
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zone by using Tough-Fx/Hydrate numerical simulator. In this study, 20 m hydrate 

zone and 20 m free zone were selected. Moreover, in order to see the effect of shale 

or clay boundaries on hydrate dissociation, the hydrate zone thickness should not be 

very large for effective heat transfers because the thermal conductivity of hydrate is 

quite low (0.5 W/m.K (Sloan and Koh, 2008)). When hydrate thickness increases, the 

effect of heat fluxes from the impermeable shale boundary decreases because of low 

thermal conductivity of gas hydrates. Moreover, as discussed in Chapter 4, the Black 

Sea does not have possibility to have very thick gas hydrate sections.  As seen in 

Table 7-14, hydrate saturation in the hydrate zone was chosen as 65 % and gas 

saturation in the free gas zone was chosen as 75 % because Vassilev and Dimitrov 

(2003) stated that as going deeper through the CH4 hydrate stability zone in the Black 

sea, hydrate saturation might increase up to 45-65 %. Similarly, in the Danube fan in 

the western Black Sea, it was detected that above gas hydrate stability zone, gas 

hydrate saturation is up to 50 % by electric dipole-dipole system when water depth is 

1335 m and 300 mbsf (15-19.5oC) (Schwalenberg et al., 2016). Equilibrium model 

option of HydrateResSim was selected because at the reservoir conditions, kinetic 

model and equilibrium models give similar results (Kowalsky and Moridis, 2007; 

Ruan et al., 2012). For 2D grids for the cylindrical reservoir, 53 grids (Cartesian) 

along z direction and 75 grids (logarithmic) along r direction are placed and it is 

shown in Figure 7-40. When number of grids increases, simulation time also 

increases. In this study, for 2D grids of the cylindrical reservoir, 86 grids (Cartesian) 

along z direction and 100 grids (logarithmic) along r direction were placed at 3.0 MPa 

and almost similar results were obtained with 53 grids (Cartesian) along z direction 

and 75 grids (logarithmic) along r direction. 53 grids (Cartesian) along z direction 

and 75 grids (logarithmic) along r direction were selected for faster simulation 

because the number of simulations is high in this study for different cases. Therefore, 

11,925 equations (mass balance equation for water, mass balance equation for CH4 

and heat balance equation) were solved for 3,975 elements (grids) at each time step. 

For time step, 3.60e4 second was chosen in this study. However, HydrateResSim has 

ability to determine time step automatically. If the maximum number of iterations per 

time step (as default it is 8) is exceeded, automatically time step is divided by two 

and for new time step, the calculations are held. 
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Table 7-14: Properties of the hypothetical Class 1 CH4 hydrate in the Black Sea 

 

Radius 500 m 

Thickness of Hydrate Zone 20 m 

Thickness of Free Gas Zone 20 m 

Thickness of Each Shale Layer 5 m 

Porosity 0.50 

Permeability  9.869e-13 m
2
 (1 D) 

Rock Grain Density 2700 kg/m
3
 

Wet Thermal Conductivity 2.4 W/(m.K) 

Average Pressure 6.7 MPa 

Temperature Gradient 0.06 
o
C/m 

Temperature Interval 7.98-10.68 
o
C 

Hydrate Zone Saturations S
h
:0.65; S

aq
:0.35 

Free Gas Zone Saturations S
gas

:0.75; S
aq

:0.25 

CH4 in Hydrate Zone, m3 8.44E+08 

CH4 in Free Gas Zone, m3 4.43E+08 

Total CH4 Amount, m3 1.30E+09 

Total Water Amount, kg 8.806E+09 

Relative Permeability Parameters- Modified of Stone 

Equation 

Sar:0.25   Sgr:0.02   n: 3.0 

Capillary Pressure Parameters- Van Genuchten 

function 

Sar: 0.24  n: 1.84    a:10.0 
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Figure 7-40: Grid structure of the hypothetical Class 1 hydrate reservoir in the Black 

Sea conditions 

 

Without having any log data and other information from the real Class 1 hydrate 

reservoirs, it is very difficult to obtain steady-state conditions for hypothetical Class 

1 hydrate reservoirs by using only limited data such as thermal gradient, porosity, 

hydrostatic pressure, thermal conductivity etc. Hence, before the gas production 

simulations of Class 1 hydrate reservoirs, it is important to have steady-state 

conditions. For this purpose, Class 1 hydrate reservoir is separated into upper and 

lower parts (just in the intersection between hydrate zone and free gas zone). Then, 

initial conditions of these two parts are prepared separately. When both parts have 

almost equal rates of heat fluxes, they are joined together. Then, the simulation is run 

without any production or injection wells at steady-state conditions. If there is no 

hydrate dissociation or hydrate formation during the simulation, it means that the 

steady-state conditions are provided for the Class 1 hydrate reservoir. Similar studies 
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were done by Moridis et al. (2005b), Alp et al. (2007), and Kowalsky and Moridis 

(2007). 

 

After obtaining the steady-state Class 1 hydrate reservoir, gas production simulations 

from the hypothetical reservoir by depressurization method at different pressures 

were run by using HydrateResSim numerical simulator. 1.0 MPa, 1.5 MPa, 2.0 MPa, 

2.7 MPa, 3.0 MPa, 3.5 MPa, 4.2 MPa and 5.0 MPa were selected as production 

pressures. In Class 1 hydrate reservoirs, perforations are opened in the free gas section 

and by the production of free gas, the pressure of the hydrate section is lowered as 

well. When pressure is below the hydrate equilibrium pressure, hydrate starts to 

dissociate and gas and water move through the wellbore via the free gas section. 

Therefore, the wellbore was assumed to be perforated below the hydrate layer from -

26 to -42 m in our model. 

 

At constant wellbore pressures, simulations were run by HydrateResSim numerical 

simulators. The cumulative gas production versus time at different production 

pressures are shown in Figure 7-41. As seen in Figure 7-41, when production pressure 

is lower, much more gas is produced but until certain value. As gas is produced and 

with the decrease of the pressure below the hydrate equilibrium pressure, hydrate 

dissociates. Hydrate dissociation is an endothermic process and it decreases 

temperature. However, when the temperature of the hydrate zone decreases with 

endothermic hydrate dissociation, the impermeable shale/clay boundary provides 

heat flux through the hydrate zone. The higher the depressurizing range is, the faster 

the dissociation rate is. Figure 7-42 shows the contribution of upper hydrate section 

of Class 1 hydrate reservoir to the cumulative gas production. Gas production rates 

during depressurization are shown in Figure 7-45. Gas production rates at all 

depressurization pressures were quite high within half year because the contribution 

of free gas zone was high during the decrease of reservoir pressure. Later, the gas 

flow rates decreased a lot because the pressure became almost equal to 

depressurization pressure and most of gas was produced via hydrate dissociation. 

Moreover, the cumulative water production is shown in Figure 7-43. Much water was 

produced when the production pressure is 3.0 MPa because most hydrate dissociation 
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occurred at this production pressure. When the depressurization pressure is equal to 

2.7 MPa or below it, it was observed that there is hydrate formation along the 

wellbore. Fast production in the wellbore decreases the temperature because of the 

Joule-Thomson effect. Class 1 hydrate reservoir conditions are very close to the 

equilibrium conditions even in the free gas section. Hence, with the decrease of the 

temperature along the wellbore due to Joule Thomson effect, hydrate was formed 

along the wellbore when the depressurization pressure is equal to or below 2.7 MPa. 

Then, the simulation stopped because of no gas production. Figure 7-44 and Figure 

7-45 show gas to water production ratio and gas flow rate respectively. In very early 

stage of depressurization, gas to water production ratio is quite high because gas 

production starts from free gas zone of Class 1 hydrate reservoir. However, when 

depressurization in free gas zone near the target pressure, gas to water production 

ratio decreases because with gas hydrate dissociation, water released from hydrate 

section of Class 1 reservoir is produced. 

 

 

Figure 7-41: Cumulative gas production from the Class 1 CH4 hydrate by 

depressurization at different pressures 
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Figure 7-42: Cumulative gas production from the upper hydrate section of the Class 

1 CH4 hydrate by depressurization at different pressures 

 

 

Figure 7-43: Cumulative water production from the Class 1 CH4 hydrate by 

depressurization at different pressures 
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Figure 7-44: Gas to water production ratio of the Class 1 CH4 hydrate by 

depressurization at different pressures 

 

 

Figure 7-45: Gas production flow rate from the Class 1 CH4 hydrate by 

depressurization at different pressures 
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After gas production at 3.0 MPa depressurization from the hypothetical Class 1 gas 

hydrate reservoir, 49.2 % of total CH4 was produced. Table 7-14 shows the initial 

CH4 in free gas and hydrate sections. 58.7 % of CH4 in free gas section and 44.9 % 

of CH4 in gas hydrate section were produced at 3.0 MPa depressurization pressure. 

 

Figure 7-46 shows the gas hydrate formed along the wellbore during gas production 

when the depressurization pressure is 2.0 MPa. Hydrate formation near wellbore was 

also observed in the study of Alp et al. (2007). 

 

Figure 7-46: Hydrate formation along the wellbore during depressurization at 2.0 

MPa after 16 days 

 

In Figure 7-47, the changes in pressure, temperature, hydrate saturation (Sh), gas 

saturation (Sg) and aqueous saturation (Saq) are shown between the steady-state 

condition and after 7.3 years of production at 3.0 MPa. Temperature of the hydrate 

section decreased below 2.0 oC although its original temperature was approximately 

10 oC. This is due to endothermic hydrate dissociation during gas production. Hydrate 

zone thickness decreased from 20 m to below 15 m and Sh decreased below 0.55. As 

expected, Sg increased in the hydrate section because of hydrate dissociation. Hydrate 
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just below the overburden impermeable shale zone dissociated completely and Sg 

increased a lot in this section. This is because the overburden impermeable shale/clay 

layer behaves like a constant temperature boundary. During depressurization at 3.0 

MPa, gas production stopped at 7.3 year because hydrate dissociation ceased. At 7.3 

year, the temperature of the hydrate zone is below 2 oC. Therefore, the heat flux 

provided by the constant temperature shale/clay layer is not enough to dissociate the 

hydrate further. Even though many reservoir parameters and other cost analysis are 

necessary for different gas hydrate reservoirs, Max and Johnson (2016) proposed that 

0.983 standard m3/s-1.639 standard m3/s (3-5 MMscf/d) gas production rates might 

be commercial for shallow water or onshore gas fields. When gas flow rate at 3.0 

MPa in Figure 7-45 is analyzed, gas production might be feasible according to the 

rough cost proposal of Max and Johnson (2016). 
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During depressurization without any external heat, 3.0 MPa is the most appropriate 

production pressure for the hypothetical hydrate reservoir in this study. At 2.7 MPa 

and below 2.7 MPa, gas production stopped because of hydrate formation along the 

wellbore due to Joule Thomson effect. With wellbore heating, hydrate reformation 

might be avoided and much gas can be produced below 3.0 MPa. For this purpose, 

similar depressurization simulations at different pressures (2.0 MPa, 2.5 MPa, 2.7 

MPa and 3.0 MPa) were run with wellbore heating. Between -20 m to -42 m, total 

heat of 5,400 J/s was applied along the wellbore during the simulations. This heating 

rate was selected with trial and error method by running same simulations at different 

heating rate. When the hydrate formation was avoided along the wellbore, trial and 

error was stopped and final heating rate (5,400 J/s) was considered as an optimum 

one. Different from thermal stimulation in gas hydrates, the aim of wellbore heating 

is just to avoid any hydrate and/or ice formation along the wellbore. As shown in 

Figure 7-46, hydrate formation along the wellbore stopped the simulation. After the 

simulations with wellbore heating, Figure 7-48 was obtained. At early stages, gas 

production at 2.0 MPa is higher. However, after some time, the gas productions at 2.0 

MPa and 2.5 MPa stopped. Then, 2.7 MPa has the highest gas production until 8.4 

years. Although there is no hydrate and ice formation along the wellbore because of 

wellbore heating, the gas productions at 2.0 MPa and 2.5 MPa stopped. This is due 

to ice formation in the hydrate zone and ice plugged the flow channels. Fast 

depressurization at 2.0 MPa and 2.5 MPa caused the temperature decrease in the 

hydrate zone. The reasons of this temperature decrease are Joule-Thomson cooling 

and endothermic dissociation of gas hydrates. Gas production from hydrate section 

and cumulative water production at different pressures with wellbore heating are also 

shown in Figure 7-49 and Figure 7-52 respectively. Water production at 2.7 MPa is 

higher than water production at 3.0 MPa because water production increases with 

hydrate dissociation. Similarly, highest gas flow rates were obtained at 2.7 MPa as 

seen in Figure 7-51. Figure 7-50 shows gas to water production ratio. Initially, free 

gas was produced from the free gas section of the Class 1 CH4 hydrate reservoir and 

then gas and water were produced with the dissociation of the gas hydrate section. 

Hence, initially gas to water production ratio is high but then decreases with high 

amount of water production with hydrate dissociation as seen in Figure 7-50.  
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Figure 7-48: Cumulative gas production by depressurization with wellbore 

heating 

 

 

Figure 7-49: Cumulative gas production from the upper hydrate section of the Class 

1 CH4 hydrate by depressurization at different pressures with wellbore heating 
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Figure 7-50: Gas to water production ratio of depressurization with wellbore 

heating 

 

 

Figure 7-51: Gas production flow rate by depressurization with wellbore heating 
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Figure 7-52: Cumulative water production by depressurization with wellbore heating 

 

 

Figure 7-53 and Figure 7-54 show the ice formation in the reservoir during gas 

production at 2.5 MPa with wellbore heating. Hence, the most appropriate 

depressurization pressure is 2.7 MPa if wellbore heating is applied to avoid any 

hydrate formation along the wellbore at the conditions of the hypothetical Class 1 

reservoir in this study. However, cost analysis is necessary to decide whether 

wellbore heating is economical or not. If it is not economical, depressurization at 3.0 

MPa or 4 .0 MPa without wellbore heating might be selected. Gas production at 2.7 

MPa with wellbore heating is shown in Figure 7-55. During 8.4 year-production time, 

approximately 55.2 % of all gases in the free section and hydrate section of the 

hypothetical Class 1 gas hydrate reservoir (Table 7-14) was produced. 63.2 % of CH4 

in free gas section and 51.9 % of CH4 in gas hydrate section were produced at 2.7 

MPa depressurization pressure. These results show that both hydrate and free gas 

section of Class 1 hydrate reservoir provide large amount of gas production. 
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Figure 7-53: Changes in pressure, temperature, Sh, Sg and Saq from initial conditions 

to 320 days for the Class 1 CH4 hydrate with depressurization at 2.5 MPa with 

wellbore heating 
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Figure 7-54: Ice formation due to fast depressurization at 2.5 MPa with wellbore 

heating 

 

 

Figure 7-55: A) Gas production B) Gas production ratio by depressurization at 2.7 

MPa with wellbore heating 
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Although there is some information in the literature about the porosity, thermal 

gradient, and thermal conductivity data of the Black Sea, there is not enough data 

about the permeability of the sediments in the selected area for the hypothetical Class 

1 hydrate reservoir. For the simulation, the intrinsic permeability of the sediments in 

the selected area was assumed as 1.0 Darcy (D). In order to see the effect of the 

intrinsic permeability of the sediments on gas production from the Class 1 hydrate 

reservoir, the simulations for 2.7 MPa with wellbore heating at different permeability 

values (100 mD, 250 mD, 400 mD, 500 mD, 750 mD, 1000 mD) were run. In Figure 

7-56, the results of these simulations are shown. As intrinsic permeability increases 

from 400 mD to 1000 mD, gas production increased little and gas production values 

are close to each other. However, when the permeability is 250 mD, gas production 

stopped during the simulation. In order to understand whether this is due to numerical 

instability or hydrate reservoir characteristics, another numerical simulation at similar 

conditions was run when intrinsic permeability is 100 mD. As seen in Figure 7-56, 

gas production stopped within 100 days during depressurization at 2.7 MPa. 

HydrateResSim numerical simulator gives generally error warnings if there is any 

numerical instability. Moreover, when the output files were investigated in detail, we 

did not observe any failed iteration. Hence, the production might stop at early stages 

for 100 mD and 250 mD due to hydrate reservoir characteristics. Intrinsic 

permeability is the permeability of the sediments when there is no hydrate. Hydrate 

saturation decreases the permeability of sediments. The relation between hydrate 

saturation (Sh) and absolute permeability is shown in Equation (7-1) (Masuda et al., 

1999). For effective depressurization, the absolute permeability should be higher than 

10 mD (Konno et al., 2010). However, in this study, when the intrinsic permeability 

is 250 mD, the absolute permeability becomes below 10 mD for Sh=0.65. By using 

the simulation data in this study for 250 mD, Equation (7-1) and the range of effective 

permeability suggested by Konno et al. (2010), it was calculated that N is equal to 

approximately 3.1. Similarly, in the study of Kumar et al. (2010), N was found as 3.0. 

According to the study of Kumar et al. (2010), it was observed that hydrates 

preferentially formed as grain coating for hydrate saturations below 35% and above 

35 %, hydrates formed in the center of the pores. In this study, Sh and N were 0.65 

and 3.1 respectively so it might be expected that hydrate is in the center of the pores 
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at the conditions of the hypothetical Class 1 hydrate in the Black Sea. Due to low 

absolute permeability in hydrate zone, depressurization is not effective when the 

intrinsic permeability below 400 mD for the hypothetical Class 1 reservoir in the 

Black Sea conditions. 

 𝑘𝑑 = 𝑘𝑑𝑜 × [1 − 𝑆ℎ]𝑁 (7-1) 

kd: permeability of the methane hydrate layer; kdo: original absolute (intrinsic) 

permeability; N: permeability reduction index (changes 2 to 10 according pore 

structure) 

 

Figure 7-56: Depressurization at 2.7 MPa with wellbore heating at different intrinsic 

permeabilities 

 

7.4.2 Class 3 Hydrate Reservoir Simulations 

 

In this study, the importance of Class 1 gas hydrates was emphasized and it was stated 

that there is a high potential of Class 1 CH4 hydrates in the Black Sea. In the Class 1 

hydrate simulations in the Black Sea conditions in this study, it was shown that both 

free gas zone and hydrate zone have important effect on gas production. However, in 

the Class 3 reservoirs, there is no free gas zone to ease the depressurization or at least 
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guarantees gas production from only free gas section. Therefore, in order to see these 

differences between Class 1 and Class 3 hydrate reservoirs in the Black Sea 

conditions, gas production simulations in the hypothetical Class 3 CH4 hydrate 

reservoir in the Black Sea conditions were run. Similar with the Class 1 hydrate 

simulations, the area shown inside a black circle in Figure 7-39 was selected for a 

hypothetical Class 3 CH4 hydrate reservoir. Porosity, rock grain density, wet thermal 

conductivity, and temperature gradient data in the selected area were found from the 

study of Vassilev (2006) and other data used for the simulations in this study are 

shown in Table 7-15.  

 

Table 7-15: Properties of the Hypothetical Class 3 CH4 Hydrate in the Black Sea 

Radius 500 m 

Thickness of Hydrate Zone 40 m 

Thickness of Each Shale Layer 10 m 

Porosity 0.50 

Permeability  9.869e-13 m
2
 (1 D) 

Rock Grain Density 2700 kg/m
3
 

Wet Thermal Conductivity 2.4 W/(m.K) 

Average Pressure 9.9 MPa 

Temperature Gradient 0.04 
o
C/m 

Temperature Interval 8.9-11.35
o
C 

Hydrate Zone Saturations Sh: 0.55; Saq: 0.45 

Total CH4 Amount, m3 1.233E+09 

Total Water Amount, kg 1.432E+10 

Relative Permeability Parameters- Modified of 

Stone Equation 
Sar: 0.25   Sgr: 0.02   n: 3.0 

Capillary Pressure Parameters- Van 

Genuchten function 
Sar: 0.24  n: 1.84    a: 10.0 

 

Hydrate saturation in the hypothetical Class 3 reservoir was chosen as 0.55 in Table 

7-15. It was assumed that 40 m hydrate section was bounded by 10 m impermeable 
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shale or clay sections. Equilibrium model option of HydrateResSim was selected 

because in the field simulations, there is no difference between equilibrium and 

kinetic model. Moreover, for kinetic model, many parameters such as intrinsic 

hydrate reaction constant, hydration activation energy and surface area are needed as 

shown in Equation (5-14) and these data are not available in the Black Sea because 

the studies related to gas hydrates in the Black Sea are still immature. For 2D grids 

of the cylindrical reservoir, 36 grids (Cartesian) along z direction and 75 grids 

(logarithmic) along r direction are placed and it is shown in Figure 7-57. Therefore, 

8,100 equations were solved for 2,700 elements (grids) at each time step.  

 

Figure 7-57: Grid structure of the hypothetical Class 3 reservoir 

 

The hypothetical reservoir model was constructed by using limited data of Vassilev 

(2006) because currently, there is no well drilled so there is no available well log data 

or core sample data. Temperatures at each depth of the hypothetical Class 3 reservoir 

were calculated by HydrateResSim. Temperature and pressure in the top section of 

the Class 3 hydrate and those values in the bottom section were entered into the input 
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file. When HydrateResSim was run without any production at steady state conditions, 

temperatures and pressures at each grids were found automatically. This is a 

commonly used method if there is no huge data set for modelling studies (i.e. 

Kowalsky and Moridis, 2007). After obtaining the steady-state Class 3 hydrate 

reservoir, gas production simulations from the reservoir by depressurization at 

different pressures were run with HydrateResSim. 2.0 MPa, 2.7 MPa, 3.0 MPa, 3.5 

MPa, 4.2 MPa and 5.0 MPa were selected as production pressures. In Class 3 hydrate 

reservoirs, perforations are opened in 36 m section of hydrate zone (2 m below and 

above shale/clay layers). When the pressure is below the hydrate equilibrium 

pressure, firstly, pressure in the reservoir is decreased by producing water in free 

pores and then, hydrate starts to dissociate and gas and water flow through the 

wellbore. 

 

Figure 7-58: Cumulative gas production from the Class 3 CH4 hydrate by 

depressurization at different pressures 
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Figure 7-59: Cumulative water production from the Class 3 CH4 hydrate by 

depressurization at different pressures 

 

At constant wellbore pressures, simulations were run by HydrateResSim. In Figure 

7-58 and Figure 7-59, the cumulative gas production and cumulative water 

production versus time at different production pressures are shown respectively. 

Highest gas production was obtained at 3 MPa. As seen in Figure 7-58, when the 

production pressure is lower, much more gas produced but until certain value (2.7 

MPa in this case). As gas is produced and with the decrease of the pressure below the 

hydrate equilibrium pressure, hydrate dissociates. The dissociation of hydrate is 

endothermic process and it decreases the temperature. However, when the 

temperature of the hydrate zone decreases with endothermic hydrate dissociation, the 

impermeable shale/clay boundary provides heat flux through the hydrate zone. As 

seen in Figure 7-60, gas to water production ratio of Class 3 reservoir increases with 

gas hydrate dissociation because the main sources of gas and water are stored in Class 

3 hydrate so compared to Class 1 hydrate reservoir, gas to water production is low in 

this case. Gas to water production ratio in Nankai Trough 2013 6-day 

depressurization test was approximately 100 (Yamamoto et al., 2017). 



205 

 

 

Figure 7-60: Gas to water production ratio of the Class 3 CH4 hydrate by 

depressurization at different pressures 

 

Gas production rates during depressurization are shown in Figure 7-61. Gas 

production rate increases exponentially at every depressurization pressure and then 

they sharply decrease and stop, this is because depressurization decreases temperature 

significantly due to its endothermic nature. Although impermeable shale boundaries 

provide heat flux through hydrate section, this might not be enough after a certain 

time. As the thickness of hydrate section increases, the effect of these heat fluxes 

disappear because the thermal conductivity of gas hydrates is quite low. Therefore, 

there is always a risk of hydrate reformation. During depressurization, high amount 

of water is released to pores with hydrate dissociation. The decrease in the reservoir 

temperature eases hydrate reformation at lower pressures. 

 

In Figure 7-61, especially at 3.0 MPa between 1.3 year and 2 year, there are sudden 

decreases in gas flow rates. There might be two reasons of these sudden variations in 

gas production rates: Hydrate reformation and water blocking in the wellbore. In 

Figure 7-59, the cumulative water production is shown. When gas flow rates 

decreased at 3 MPa, water production rate decreased as well. Therefore, the reason 
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of sudden changes in gas flow rates is hydrate reformation near wellbore. Moreover, 

when wellbore heating was applied at 50oC, these sudden changes in gas flow rates 

disappeared as shown in Figure 7-66 because hydrate reformation near wellbore was 

avoided with heating along the wellbore.  

 

 

Figure 7-61: Gas production flow rate from the Class 3 CH4 hydrate by 

depressurization at different pressures 

 

As seen in Figure 7-62, hydrate just below the overburden impermeable shale zone 

dissociated completely and Sg increased a lot in this section. This is because the 

overburden impermeable shale zone behaves like a constant temperature boundary. 

During depressurization at 3.0 MPa, gas production stopped at 2.5th year because 

hydrate dissociation ceased. At 2.5th year, the temperature of the hydrate zone is 

around 2 oC. Therefore, the heat flux provided by the constant temperature shale/clay 

zone is not enough to dissociate the hydrate further. With depressurization at 3.0 MPa 

without any external heat, only 19 % (2.337E+8 m3) of CH4 in place was produced 

according to the simulation study. Moreover, the produced water is 6.4 % (9.1E+8 

kg) of water in place in the hypothetical Class 3 hydrate reservoir.  
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Figure 7-62: Changes in pressure, temperature, Sh, Sg and Saq with depressurization 

at 3.0 MPa without wellbore heating 
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After gas production at 3.0 MPa depressurization from the Class 3 hydrate reservoir, 

approximately 19 % of total CH4 was produced. Table 7-15 shows the initial CH4 in 

the hypothetical Class 3 hydrate reservoir.  

 

As seen in Figure 7-61, there are sudden variations in gas flow rates at different 

depressurization pressures but most obviously at 3.0 MPa. This is because hydrate 

reformation near wellbore. Therefore, hydrate formed near wellbore directly blocks 

water and gas. Wellbore heating is an effective way to avoid any hydrate reformation 

along wellbore (Kowalsky and Moridis, 2007). However, it should not be considered 

as another method of gas production from gas hydrates because the effective area of 

wellbore heating is only along wellbore and near wellbore. For the hypothetical Class 

3 CH4 hydrate in this study, the simulations at different depressurization pressures 

were run by using HydrateResSim with wellbore heating at 50oC and the results of 

the simulations were compared with depressurization without wellbore heating. The 

comparisons of cumulative gas production, water production, gas to water production 

ratio, and gas production rate are shown in Figure 7-63, Figure 7-64 , Figure 7-65 and 

Figure 7-66 respectively. Cumulative gas productions at 2 MPa, 2.5 MPa, 2.7 MPa, 

and 4.0 MPa are almost similar but for 3.0 MPa and 3.5 MPa, they are different due 

to hydrate reformation. The prevention of hydrate reformation along the wellbore 

with 50oC wellbore heating can be seen obviously when the gas production rates in 

Figure 7-66  are compared. Similar behaviors were obtained for water production as 

seen in Figure 7-64. Therefore, wellbore heating might be necessary when there are 

sudden variations in gas production and water production rates. However, the effect 

of wellbore heating is just valid near wellbore because thermal conductivity is very 

low in gas hydrates (around 0.5 W/m. K). 

 

After gas production at 3.0 MPa depressurization with wellbore heating at 50 oC from 

the Class 3 hydrate reservoir, approximately 25.7 % of total CH4 (Table 7-15) was 

produced.  
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Figure 7-63: Comparison of cumulative gas production from the Class 3 CH4 hydrate 

by depressurization and depressurization with 50 C wellbore heating 

 

Figure 7-64: Comparison of cumulative water production from the Class 3 CH4 

hydrate by depressurization and depressurization with 50 C wellbore heating 
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Figure 7-65: Comparision of gas to water production ratio of the Class 3 CH4 hydrate 

by depressurization and depressurization with 50 C wellbore heating 

 

 

Figure 7-66: Comparison of Cumulative gas production flow rates from the Class 3 

CH4 hydrate by depressurization and depressurization with 50 C wellbore heating 
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In the hypothetical Class 1 hydrate reservoir, gas production was almost equal for 

every permeability values from 1 Darcy (D) to 400 mD as shown in Figure 7-56. 

Below 400 mD, it was observed that production has stopped early. There are some 

gas production differences at 1 Darcy, 750 mD, 500 mD, and 400 mD especially at 

early times but their effects seem little because of large gas production from free gas 

zone and hydrate zone. However, when gas production is low, this difference might 

be important. In Figure 7-67, gas production from Class 3 hypothetical reservoir by 

depressurization at 3.0 MPa without and with wellbore heating (50 oC) at different 

intrinsic permeability are shown. Because of hydrate reformation, there are some 

differences in gas production at same permeability values with and without wellbore 

heating. When gas production values at different permeability values (1000 mD, 750 

mD, 500 mD, 400 mD, 250 mD, 100 mD) are compared, it is obvious that there are 

big differences. However, this is because of production stop at early times. The main 

reason of production stop is very low reservoir temperature after hydrate dissociation.  

 

 

Figure 7-67: Gas production from Class 3 hypothetical reservoir by depressurization 

at 3.0 MPa without and with wellbore heating (50 oC) at different intrinsic 

permeability 
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When the results of the hypothetical Class 3 reservoir were compared with the 

hypothetical Class 1 reservoir, Class 1 hydrates are advantageous. There are 

important contributions of free gas zone and hydrate zone to gas production. 

Moreover, BSRs are quite helpful to determine the potential Class 1 gas hydrates. In 

this study, it was emphasized that Class 1 hydrate might be common in the Black Sea. 

For better simulation studies, more data such as well log data (obtained during 

logging while drilling), hydrate saturation data, porosity, permeability, sediment type, 

etc. are needed. In the future, these data can be obtained from exploration wells and 

better simulation studies can be held for the Black Sea gas hydrates. 

 

7.4.3 Gas Production Simulations from Gas Hydrate Reservoirs deposited in 

Turbidites in the Black Sea  

 

In nature, generally gas hydrate reservoirs are not very thick. Mostly they have 

alternating layers. To illustrate this, Figure 7-68 was drawn in this study for 

illustration purpose. In well logs, gas hydrates (with different hydrate saturations, 

permeability, porosity, etc.) in different layers of pilot hydrate wells in Mallik field, 

Ignik Sikumi field and Nankai field were observed (Collett and Lee, 2005; 

Schoderbek et al., 2013; Ito et al., 2015; Sun et al., 2016). The main reason of this is 

alternating layers from fine sediments (clay and shale) to coarse sediments (sands). 

Therefore, these types of sediments in the Black Sea might be common because 

turbidites are common. During logging while drilling (LWD) and coring operations 

in the sediments as shown in Figure 7-68, many information about their porosities, 

permeability, and hydrate saturations, etc. are collected. Then, optimum perforation 

strategy is developed for gas hydrate zones (i.e. zone 1, zone 2, zone 3, etc.). In the 

study of Sun et al. (2016), different well completion strategies were developed and 

simulated by using Tough + Hydrate for hydrate layers with different hydrate 

saturations (0.6, 0.35, 0.70) in 1st offshore test site in the eastern Nankai Trough. For 

example, if all hydrate zones are perforated in Figure 7-68 with 0.7, 0.7, and 0.3 

hydrate saturation for zone 1, zone 2 and zone 3 respectively, in early stages, gas 

production will be mostly from zone 3 because it is easy to dissociate due to its low 

hydrate saturation. However, when hydrate in zone 1 and zone 2 start to dissociate 



213 

 

later, water produced from these perforations might avoid gas production from zone 

3. Hence, for similar analysis in the Black Sea, drilling data, well logging data (such 

as resistivity log), permeability of layers, porosity of layers, temperature profile, type 

of sediments, gas type, etc., are needed to decide on optimum well completion 

strategy for the Black Sea gas hydrates having similar characteristics as seen in Figure 

7-68. 

 

Figure 7-68: Alternating gas hydrate layers in turbidites (for illustration purpose) 

 

In this study, in order to understand the differences between gas hydrate reservoirs 

deposited in different layers of turbidites and Class 3 reservoirs having one thick 

hydrate zone in the Black Sea conditions, their gas production simulations were 

compared. As discussed earlier, Class 1 hydrate reservoirs might be common in the 

Black Sea because many BSRs were detected in seismic studies. However, these 

seismic studies do not describe the types of sediments below and above this BSR 

lines well. If there are fine clay or shaly formation just above BSR lines and hydrate 

zone is above fine silty, clay or shaly formation, classical gas production method from 

Class 1 hydrate reservoirs cannot be applied. In Class 1 hydrates, perforations are 

opened in the free gas zone below hydrate zone and this way, hydrate zone dissociates 

but clay or shaly zone at or just above BSR line in turbidites might avoid this 

production method. However, compared to Class 3 hydrate reservoirs with one thick 

hydrate section, turbidites might be advantageous because turbidites have generally 

thin hydrate sections so heat transfer is very effective from impermeable layers (clay 
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and shaly layers) of turbidites. It is known that heat conductivity of gas hydrates is 

low so when hydrate zone is thicker, heat conductivity is lower. 

 

According to Boswell and Collett (2016), in many deep water systems, the sediments 

are thinly bedded. Moreover, similar tendency was observed in the sediments of the 

Black Sea in Leg 42B drilling program held in the Black Sea (DSDP, 2016). 

Therefore, in order to investigate gas production difference between Class 3 and 

hydrate deposited in turbidites, hypothetical hydrate reservoirs were formed in this 

study. In the study of Küçük et al. (2015), BSR lines were observed at 305 mbsf when 

sea depth is around 2010 m in Amasra, Bartın, Zonguldak-Kozlu in the central Black 

Sea. Moreover, several indications were observed that interlayers might exist in this 

region (Küçük, 2016). Therefore, just above this BSR line, two hypothetical hydrate 

reservoirs were formed in the Black Sea conditions by using the necessary data for 

simulation studies in this study. These data are listed in Table 7-16 by using thermal 

gradient, pressure gradient, porosity etc. gained from the study of Küçük et al. (2015) 

and Vassilev (2006). 

 

As seen in Table 7-16, hydrate saturation in the hydrate zone was chosen as 0.50 and 

free water saturation in pores was chosen as 0.50. Equilibrium model option of 

HydrateResSim was selected because at the reservoir conditions, kinetic model and 

equilibrium models give similar results (Kowalsky and Moridis, 2007; Ruan et al., 

2012). For 2D grids of the cylindrical reservoir in turbidites, 65 grids (Cartesian) 

along z direction and 75 grids (logarithmic) along r direction are placed. 10 grids 

(cartesian) along z direction and 5 grids (cartesian) along z direction are placed for 

each hydrate and impermeable boundary respectively. For 2D grids of the Class 3 

cylindrical reservoir, 50 grids (cartesian) along z direction and 75 grids (logarithmic) 

along r direction are placed. 40 grids (cartesian) along z direction and 10 grids 

(cartesian) along z direction are placed for hydrate and impermeable boundaries 

respectively. Grids for both hydrate deposited in turbidites and Class 3 reservoir are 

shown in Figure 7-69. Therefore, 14,625 equations were solved for 4,875 elements at 

each time step for hydrate deposited in turbidites and 11,250 equations were solved 

for 3,750 elements at each time step for hydrate deposited Class 3 reservoir.  
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Table 7-16: Properties of the hypothetical CH4 hydrate deposited in turbidites and 

Class 3 CH4 hydrate in the Black Sea conditions 

 

Parameters 
Hydrate Deposited 

in Turbidites 
Class 3 

Radius 500 m 500 m 

Thickness of Hydrate Zone 

20 m (Separated 4 

layers with 5 m 

thickness each) 

20 m 

Thickness of Each Shale Layer 

50 m (Separated 5 

layers with 10 m 

thickness each) 

50 m (Top and 

bottom boundary 

with 25 m thickness) 

Porosity 0.50 0.50 

Permeability of Hydrate Zone 9.869e-13 m
2
 (1 D) 9.869e-13 m

2
 (1 D) 

Rock Grain Density 2700 kg/m
3
 2700 kg/m

3
 

Wet Thermal Conductivity 2.4 W/(m.K) 2.4 W/(m.K) 

Average Pressure 24 MPa 24 MPa 

Temperature Gradient 0.034 
o
C/m 0.034 

o
C/m 

Temperature Interval 16.514-18.724
o
C 16.514-18.724

o
C 

Hydrate Zone Saturations Sh:0.50; Saq:0.50 Sh:0.50; Saq: 0.50 

Total CH4 Amount, m3 6.7959113E+08 6.7969273E+08 

Total Water Amount, kg 7.11004176E+09 7.10990760E+09 

Relative Permeability 

Parameters- Modified of Stone 

Equation 

Sar:0.25   Sgr:0.02   n: 

3.0 

Sar:0.25   Sgr:0.02   n: 

3.0 

Capillary Pressure Parameters- 

Van Genuchten function 

Sar: 0.24  n: 1.84    

a:10.0 

Sar: 0.24  n: 1.84    

a:10.0 
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Figure 7-69: Hydrate saturations and grids in a) Turbidites b) Class 3 reservoir 

 

For both hypothetical hydrate reservoirs, perforations are opened in hydrate sections 

and gas production simulations were held by using depressurization with and without 

wellbore heating methods. HydrateResSim numerical simulator was used in the 

simulations. When cumulative gas production, cumulative water production, gas to 

water production ratio and gas production rates of two reservoirs are compared in 

Figure 7-70, Figure 7-71, Figure 7-73, Figure 7-74, Figure 7-75, Figure 7-76 and 

Figure 7-77, it is obvious that gas production in the hypothetical gas hydrate 

reservoirs deposited in turbidites are quite higher than gas production in the 

hypothetical gas hydrate reservoirs deposited in turbidites because heat flow from 

boundaries are higher in thin hydrate zones in turbidites. Therefore, this can be 

advantageous for the Black Sea. 

 

Table 7-16 shows the initial CH4 in the hypothetical Class 3 hydrate reservoir. After 

gas production at 4.0 MPa depressurization with wellbore heating at 50oC from the 

hypothetical hydrate sections deposited in turbidites, approximately 95.5 % of total 

CH4 was produced because of wellbore heating and thin gas hydrate sections.  
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Figure 7-70: Cumulative gas production by depressurization in the hypothetical 

hydrate deposited in turbidites 

 

Figure 7-71: Cumulative water production by depressurization in the hypothetical 

hydrate deposited in turbidites 
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Figure 7-72: Gas to water production ratio of depressurization in the hypothetical 

hydrate deposited in turbidites 

 

 

Figure 7-73: Gas production rate by depressurization in the hypothetical hydrate 

deposited in turbidites 
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Figure 7-74: Cumulative Gas Production by depressurization in the hypothetical 

Class 3 reservoir 

 

Figure 7-75: Cumulative Water Production by depressurization in the hypothetical 

Class 3 reservoir 



220 

 

 

Figure 7-76: Gas to water production ratio of depressurization in the hypothetical 

Class 3 reservoir 

 

Figure 7-77: Gas production rate by depressurization in the hypothetical Class 3 

reservoir 
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Figure 7-79: Changes in pressure, temperature, Sh, Sg and Saq with depressurization 

at 6.0 MPa without wellbore heating in Class 3 hydrate reservoir 

 

After gas production at 6.0 MPa depressurization without wellbore heating from the 

Class 3 hydrate reservoir in Table 7-16 and Figure 7-79, approximately 20.1 % of 

total CH4 was produced. Compared to thin gas hydrate sections of the hypothetical 

hydrate reservoir in turbidites, gas production recovery from the thick Class 3 hydrate 

reservoir is quite low because low heat fluxes through thick hydrate section from the 

boundaries. 

 

Gas production behavior during depressurization for hydrates deposited in turbidites 

and Class 3 reservoirs are shown in Figure 7-78 and Figure 7-79 respectively. As seen 

in these figures, the temperatures of hydrate sections decrease while gas production. 
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The reason of this is mainly endothermic nature of hydrate dissociation. However, as 

an average, temperature decreases from 17.5 oC to 10 oC. Therefore, in the Black Sea 

conditions, ice formation in hydrate reservoirs is not possible when sediments are 

around 50-100 m below seafloor. For hydrate deposited in turbidites, it was assumed 

that hydrate sections have uniform hydrate saturation as 50 %. However, in real cases, 

their saturations might be different. Hence, well completion strategies should be 

developed for these cases. In this study, it was only aimed to show that gas hydrate 

deposited in turbidites as thin sections can be advantageous compared to Class 3 

hydrate reservoirs in the Black Sea conditions. It is because heterogeneous thin 

hydrate layers cause faster hydrate dissociation and higher gas production rate due to 

fast heat transport. Similar observations were reported in the study of Myshakin et al. 

(2012), Janicki et al. (2014) and Max and Johnson (2016) for gas hydrates in the 

world. 

 

7.4.4 Gas Production Simulations from Gas Hydrates in the Danube Delta of the 

Black Sea 

 

Even though there are high gas fluxes in the different parts of the Black Sea, almost 

of all these gases do not reach to atmosphere. Mainly, these gases are consumed by 

oxidation, sulfate reduction, carbonate precipitation and benthic ecosystems as 

discussed in Chapter 4 (Kessler et al., 2006). Tinivella (2016) proposed that the Black 

Sea might be a good site for gas hydrate production tests due to its low environmental 

risks. Recently, the activities related to the Black Sea gas hydrates have increased. 

For example, in Turkey, the seismic surveys have been taken in the southwestern part 

of the Black Sea for gas hydrate exploration (Max and Johnson, 2016). Moreover, 

detailed exploration analysis such as BSR detection, ocean bottom seismometer 

survey and marine controlled source electromagnetic (CSEM) survey have been done 

in the Danube Delta in the Black Sea (Popescu et al., 2006; Schwalenberg and Engels, 

2011; Schwalenberg et al., 2015; Schwalenberg et al., 2016; Dannowski et al., 2016). 

According to Haeckel et al. (2015), the Paleo-Danube river system in the western 

Black Sea, located in the economic zones of Bulgaria and Romania is a good 

candidate for the first gas hydrate production test in the Black Sea because gas 
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hydrates in coarse sand sections were detected in this region. Therefore, in the late of 

2017, the drilling with seafloor drilling unit MeBo (200-300 m drilling capability 

from seafloor) in this region under SUGAR Project is planned (Vasilev, 2015; Merey, 

2016). There are enough data (gas hydrate saturation, location and thickness of gas 

hydrate sections, seafloor temperature, sea salinity, etc.) to simulate gas production 

from this region. Therefore, in this study, it is aimed to simulate short-term gas 

production from this region and provide useful results for possible short-term 

production tests from the gas hydrates in this region. In this study, for the first time, 

it was shown that CO2-CH4 swapping is not appropriate in the Black Sea conditions, 

especially due to the high temperature of the Black Sea. Moreover, in Ignik Sikumi 

field, CO2-CH4 swapping could not be proved completely and it is considered that for 

a long time, depressurization method will stay the primary basis for future gas hydrate 

field production tests (Boswell et al., 2016). As temperature increases, the 

effectiveness of depressurization method increases and the Black Sea sediments are 

warm compared to those in oceans. Hence, in the numerical simulations in this study, 

depressurization production method was chosen. 

 

Figure 7-80: 3D view of a digital elevation model of the western Black Sea 

(Konerding, 2009) 

The Danube deep-sea fan (or turbidite system) is developed in the northwestern part 

of the Black Sea, fed by sediments from the Danube river (having freshwater) 

(Popescu et al., 2004). Figure 7-80 shows 3D of Danube channel and Danube fan. 
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Popescu et al. (2006) determined multiple-BSRs in the Danube system. There are 

several reasons of multiple BSRs: different gas composition at each BSR, the effect 

of climate change (sea level changes), rapid sedimentation and some different 

lithology (Popescu et al., 2006; Paganoni et al., 2016; Zander et al., 2017). According 

to Jegen and Höltz (2014), multiple BSRs in the Danube fan are thought to be due to 

climate related sea level changes in the past. However, Zander et al. (2017) proposed 

that the reason of the multiple BSRs in Danube delta is the temperature effect due to 

rapid sedimentation rather than bottom-water temperature change, sea level 

variations and different gas composition. The expelled gas in the Danube delta is 

mainly composed of CH4 of biogenic origin with concentrations of 99.1–99.9% 

(Bialas, 2004; Zander et al., 2017). Hence, in this study, it was assumed that 100 % 

CH4 exists in gas hydrate deposited in coarse-grained sediments in this region during 

numerical simulations. 

 

Figure 7-81: a) A seismic section in the Danube Delta (coarse grained sediments are 

highlighted with purple and light red) (Zander et al., 2016) b) BSR analysis by BSR.m 

code in this study for 100 % CH4 hydrate for the system in Figure 7-81-a 

Figure 7-81-a shows two gas hydrate sections in coarse grained sediments (upper one 

is 6 m thick at 60 mbsf and the lower one is 30 m thick at 140 mbsf) within CH4 gas 

hydrate stability zone in the Danube fan of the Black Sea (at 350 mbsf) (Zander et 
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al., 2015; Zander et al., 2016). Marine controlled source electromagnetic methods are 

useful to reveal the electrical properties of the shallow seafloor. In the Danube Delta, 

western Black Sea, these methods were implemented at where there are not any gas 

seepages and the sections with high resistivity were detected as shown in Figure 7-81-

a. The reason of high resistivity was due to highly fresh pore water (Danube river’s 

water is fresh) and up to 50 % gas hydrate saturation (Schwalenberg and Engels, 

2011; Schwalenberg et al., 2015; Schwalenberg et al., 2016). Moreover, in the study 

area in Figure 7-81-a, no gas seepage was observed even though many gas seepages 

were observed in different parts of the Danube fan (Zander et al., 2015). Seafloor 

temperature at 1500 m sea depth is nearly 9oC and geothermal gradient ranges from 

27 to 35 oC/km in the Danube delta (Haeckel et al., 2015). By using BSR.m code 

(which is described in the following sections of this chapter) in this study in Figure 

7-81-b, it was found that in the region of Figure 7-81-a, geothermal gradient should 

be nearly 27.8 oC/km to cut the BSR line at 350 mbsf for 100 % CH4 hydrate. When 

hydrate equilibrium curve of CH4 (pressure versus temperature graph) is investigated, 

it is an exponential curve so small changes in temperature causes large differences in 

hydrate equilibrium pressures (especially at high temperatures). The Black Sea 

sediments are warm compared to those in oceans. Hence, highly accurate heat flow 

and geothermal gradient determination is necessary in the Black Sea to determine the 

thickness of CH4 hydrate stability zone correctly.  

The porosity of coarse sediments in the study area are expected to be approximately 

0.5 (Schwalenberg et al., 2015). Seawater density is nearly 1030 kg/m3 and sediment 

thermal conductivity is nearly 1.27 W/m.K (Vasilev, 2015). Generally, the formation 

pressure of gas hydrate reservoirs is essentially hydrostatic with a light sediment load 

whereas deeper conventional hydrocarbon deposits can be highly pressurized with 

respect to seafloor pressure (Berndt, 2005; Max and Johnson, 2016). Hence, for upper 

hydrate section (Hydrate Zone 1) in Figure 7-81-a and Figure 7-82, average reservoir 

pressure was calculated as 15.83 MPa. For lower hydrate section (Hydrate Zone 2) in 

Figure 7-81-a and Figure 7-82, average reservoir pressure was calculated as 16.79 

MPa. 
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Figure 7-82: Scheme of gas hydrate sections in the Danube fan in the Black Sea 

 

From Figure 7-81-a, it was assumed that the gas hydrate reservoirs are cylindrical and 

its radius is 250 m. Moreover, the boundaries of gas hydrate sections (mainly clays) 

are considered as impermeable and in different studies, it was also assumed that clay 

boundaries are impermeable (Lim et al., 2016). Hence, their permeabilities are 

assumed to zero. For intrinsic permeability of gas hydrate reservoirs, there is no 

available data but it is known that these sections have coarse grained sediments 

according to all exploration studies in this study area. Therefore, by using the 

permeability versus grain size (coarse sand) correlations of Shepherd (1989), it was 

decided that permeability of sediments might be around 1 Darcy (9.869e-13 m2). 

During Ignik Sikumi 1 well CO2-N2/CH4 swapping test, no core sample is taken and 

permeability is calculated by using Carman-Koseny type models where porosity and 

surface area/volume information are used (Boswell et al., 2016). Similar assumptions 

are necessary when there is no information. For instance, for relative permeability, 

the modified of Stone equation was used and for capillary pressure, the formula of 

Van Genuchten was used in this study. For parameters of these equations, the values 

frequently used in the literature were preferred due to lack of these data for the Black 

Sea sediments and they are shown with all other parameters in Table 7-17 for 

numerical simulations by depressurization with HydrateResSim numerical simulator 

in the Danube Fan of the Black Sea. 
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Table 7-17: Properties of CH4 Hydrates in the Danube Fan of the Black Sea 

 

Sea Water Density 1030 kg/m3 

Radius 250 m 

Thickness of Hydrate Zone 1 (Upper Zone) 6 m (12 grids) 

Thickness of Hydrate Zone 2 (Lower Zone) 30 m (60 grids) 

Thickness of Impermeable Layers of Hydrate 

Zone 1 

60 m (12 grids) 

74 m (15 grids) 

Thickness of Impermeable Layers of Hydrate 

Zone 2 

74 m (15 grids) 

90 m (18 grids) 

Total CH4 Amount in Hydrate Zone 1, m3 5.009E+07 

Total CH4 Amount in Hydrate Zone 2, m3 2.505E+08 

Porosity 0.50 

Permeability  9.869e-13 m
2
 (1 D) 

Rock Grain Density 2680 kg/m
3
 

Sediment Thermal Conductivity 1.27 W/m.K  

Average Pressure and Average Temperature 

15.83 MPa (Hydrate Zone 1) 

16.79 MPa (Hydrate Zone 2) 

Sea Floor Temperature, Temperature Gradient 9oC ; 0.0278oC/m 

Hydrate Zone Saturations Sh:0.5; Saq:0.5 

Relative Permeability Parameters- Modified of 

Stone Equation 

Sar:0.25   Sgr:0.02   n: 3.0 

Capillary Pressure Parameters- Van 

Genuchten function 

Sar: 0.24  n: 1.84    a:10.0 
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The most important part of the simulation studies is to determine reservoir properties 

and to decide on grid numbers before simulations. If some data are unavailable, it is 

important to make necessary assumptions. In this study, by using the literature data 

available related to gas hydrates in the Danube Fan of the Black Sea and those are 

listed in Table 7-17. Many information such as porosity, temperature gradient, 

hydrate section thickness and their locations, hydrate saturation, pore water salinity, 

etc. are known in the Danube Fan of the Black Sea after many geophysical studies 

such as BSR determination, electromagnetic surveys and ocean seismometer 

techniques. Hence, currently, the Danube Fan is the only place where there is many 

information about the gas hydrate reservoirs in the Black Sea so in 2017, drilling with 

MeBo seafloor drilling unit is planned in this region. Then, first gas production test 

from gas hydrates in the Black Sea with depressurization method are planned to be 

conducted in the Danube Fan after analysis of drilling and coring operations (Vasilev, 

2015). As shown Figure 7-81 and Figure 7-82, gas hydrates (up to 50 % hydrate 

saturation) are deposited in coarse sands and silts in the Danube Fan and these hydrate 

sections are bounded with clay sections. Generally, clays have very low permeability 

(Konno et al., 2015). Therefore, in this study, it is assumed that the clays bounding 

hydrate sections are impermeable and fully water saturated. 

 

Grid numbers are also important to predict gas production accurately as much as 

possible. Generally, as you increase grid numbers, the accuracy of the simulations 

increases but the cost of simulation (time) increases as well. In the study of Long et 

al. (2016), numerical simulations of two cases with different size meshes were run 

by using HydrateResSim. In vertical direction,  the 35 m-thick hydrate bearing sandy 

silt reservoir was meshed with 2 or 3 m vertical layers in case 1 and 1 m vertical 

layers in case 2. Case 2 provided enough fineness of mesh (grid) for the 35 m-thick 

hydrate bearing sandy silt reservoir according to the numerical simulations in the 

study of Long et al. (2016). In this study, 0.5 m thick grids in vertical direction in gas 

hydrate sections were chosen for better results. In these simulations, it is aimed to put 

much more grids and make simulations for only 60-day short-term depressurization 

test instead of long-term production tests. The aim of these simulations in the Danube 

Fan is to make analysis and provide results before short-term production tests are 
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planned to be held in this region. In the first gas production test from marine gas 

hydrates in Nankai Trough in 2013, the production stopped within 6 days due to 

several operation difficulties mainly sand production (Uchida et al., 2016). During 

the selection of the location of production test well in Nankai Trough, many seismic 

and geological studies were conducted. The characterization of the sediments 

bounding gas hydrate section is as important as those of gas hydrate sections for 

effective depressurization (Fujii et al., 2013). The location with 200 m GHSZ 

thickness was preffered in Nankai Trough for effective depressurization and safety 

(Max and Johnson, 2016).  

 

 

Figure 7-83: Grid structure in the Danube Fan in Figure 7-82 

 

The grid structures for gas hydrate sections in Figure 7-81 and Figure 7-82 are shown 

in Figure 7-83. As seen in Figure 7-83, the grids are denser in gas hydrate sections 

and near wellbore compared to clay sections because with gas hydrate dissociation 

within 60-day depressurization test, most changes will occur in gas hydrate sections 

and near wellbore. As seen in Table 7-17, in gas hydrate sections along vertical 

direction, each grid thickness is 0.5 m and the vertical size of grids in clay section is 

nearly 5 m (the number of all grids along vertical direction for one section along 
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horizontal section is 117). In horizontal direction, logarithmic 100 grids were put. 

Hence, the total number of grids is 11,700. Equilibrium model of HydrateResSim was 

used in this study and 3 equations (mass balance for CH4, mass balance for water and 

heat balance equation) are solved for each grid at each time. 35,100 equations were 

solved in each time interval. 

 

The aim of short production tests from gas hydrate reservoirs is not to produce gas 

commercially. It is to understand: 

 The effect of depressurization or any other method preferred 

 Gas flow rate and water flow rate changes with time 

 The distance of gas hydrate dissociation front  

 Temperature changes during gas hydrate dissociation 

 Sand production amount and geomechanical stability 

 

After obtaining all of these data, future long-term production tests can be designed 

and then conducted after many years of preparation as in Nankai field. For gas 

hydrates in Figure 7-82, it is not logical to test these two gas hydrate sections at the 

same time because water production from gas hydrate zone 1 (upper gas hydrate) 

might surpass gas production from gas hydrate zone 2 (lower gas hydrate) and this is 

not advisable for short term production tests and detailed well completion studies are 

essential (Sun et al., 2016). The boundaries where there are no gas hydrates behave 

like heat sources and provide heat flux through gas hydrate sections. In this study, the 

grids between 0-5 mbsf and grids between 255-260 mbsf are assumed to have 

constant temperature but the temperature of other grids are calculated during 

simulations with heat balance equations (from Equations (5-1) to (5-14)). Hence, in 

this study, depressurization production simulations at 2 MPa, 2.5 MPa, 3 MPa, 4 

MPa, 5 MPa and 6 MPa were conducted for each gas hydrate section in Figure 7-82 

separately. 
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Figure 7-84, Figure 7-85, Figure 7-86 and Figure 7-87 show cumulative gas 

production, cumulative water production, gas to water production ratio and gas flow 

rate respectively from upper gas hydrate section (6 m-thick gas hydrate reservoir) in 

Figure 7-82 at different depressurization pressures. In 2013-Nankai Trough test, 

reservoir pressure decreased from 11.5 MPa to 4 MPa near wellbore within 6 days by 

using electrical submersible pump (ESP) (Kawamoto, 2014). ESP pumps might be 

also used in the production test of the Danube Fan. As shown in Figure 7-84 and 

Figure 7-85, when depressurization pressures decrease from 6 MPa to 2 MPa, gas and 

water production increase. This is an expected result in depressurization tests.  

 

 

Figure 7-84: Cumulative gas production for upper gas hydrate section 
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Figure 7-85: Cumulative water production for upper gas hydrate section at different 

depressurization pressures 

 

Figure 7-86: Gas to water production ratio of upper gas hydrate section 
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Figure 7-87: Gas flow rate for upper gas hydrate section 

 

During 60-day production test from the upper gas hydrate section, initially gas to 

water production ratio in Figure 7-86 decreases within first 8 days because of the 

production of free water in pores. However, with gas hydrate dissociation, this ratio 

increases with time. Similar behavior is observed in gas flow rate versus time graph 

in Figure 7-87. 

 

Fast depressurization might cause two problems: ice formation (due to endothermic 

nature of gas hydrate dissociation) and sand production (Uchida et al., 2016). Ice 

formation might plug the pores and can cause reduction in permeability and gas 

production (Seol and Myshakin, 2011). However, in different experimental studies, 

it was observed that heat released during ice formation provides additional heat to 

gas hydrate dissociation and increased gas production (Konno et al., 2014). In this 

study, within 60-day production simulation with depressurization tests, no ice was 

observed in simulations of upper gas hydrate section. However, ice formed in the 

latest stages of the production at especially for 2.0 MPa for this section. For example, 

as shown in Figure 7-88, at the 420th day of gas production at 2 MPa from upper gas 
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hydrate section, long ice section formed with gas hydrate dissociation. Although in 

this simulation, ice formation did not cause reduction in gas production, it is better to 

be far from ice formation in pores during production tests. Ice did not form within 60 

days and also the Black Sea seafloor sediment temperature is classified as high sea 

bottom temperature (~9oC) compared to low sea bottom temperature of the Gulf of 

Mexico (Küçük et al., 2016). Moreover, 2 MPa depressurization pressure might cause 

high sand production as in Nankai Trough (Uchida et al., 2016). Therefore, it is much 

better to choose depressurization pressure for the first production tests in the Danube 

Fan as 3 MPa or 4 MPa. 

 

 

Figure 7-88: Pressure, temperature, hydrate saturation (Sh), and ice saturation (Si) at 

2.0 MPa depressurization for upper gas hydrate section at 420th day of gas production 
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In order to visualize the changes in pressure, temperature, hydrate saturation, aqueous 

saturation, gas saturations during 60-day depressurization test at 3 MPa, Figure 7-89 

was prepared. As seen in this figure, gas hydrate dissociation occurred within 60 days. 

Gas hydrate dissociation front reached to 20-25 m far from wellbore. Moreover, 

temperature decreased to 2-3oC near wellbore. In Nankai Trough, two observation 

wells were drilled 20 m from the production well to measure temperature and pressure 

changes during gas hydrate dissociation (Kawamoto, 2014; Yamamoto et al., 2017). 

Similar wells might be drilled in this region as well. The dissociation of 6 m-thick 

gas hydrate section did not affect the temperature of clay boundaries a lot within 60-

day test and also did not affect lower 30 m-gas hydrate section. Due to gravity 

difference, aqueous saturation is highest at the bottom and gas hydrate saturation is 

highest at the top in gas hydrate dissociation front.  Thin gas hydrates dissociate faster 

compared to thick gas hydrate sections due to low heat conduction in gas hydrates at 

similar conditions according to the results in this study. Therefore, upper gas hydrate 

section in the Danube Fan in the Black Sea could be a good candidate for first gas 

hydrate production test compared to lower thick gas hydrate section. However, the 

permeability of the clay sediments above upper clay section should be very low. 

Upper gas hydrate section is very close to seafloor (60 mbsf) and if seawater goes 

through upper gas hydrate section, the depressurization test and its quality might be 

affected negatively due to high flux of seawater. However, if the impermeable 

property and geomechanical stability of clay section above 6 m-gas hydrate section 

are proved after drilling and coring, this section could bring many clues about the 

efficiency of gas production by depressurization method in the Black Sea conditions. 
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Figure 7-89: Pressure, Temperature, hydrate saturation, gas saturation, and aqueous 

saturation at a) 0-day b) 60 days at 3 MPa depressurization pressure for upper gas 

hydrate section 
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Permeability is a key parameter determining the efficiency of depressurization-

dissociation and natural gas production (Masuda et al., 1999; Mahabadi and Jang, 

2014). In this study, due to unavailability of intrinsic permeability of coarse sands, 

some assumptions were made and permeability is assumed to be equal to 1000 mD 

(1 D). In order to calculate effective permeability, equation (5-23) of Masuda et al. 

(1999) is commonly used. To determine N value, experimental analysis is necessary 

from sediment samples. In Nankai Trough sediments, this value is 6 (Uchida et al., 

2016). Hence, effective permeability in the Danube Fan with 50 % hydrate saturation 

might be around 15.625 mD for 1 D intrinsic permeability and with gas hydrate 

dissociation, this value increases. 

 

Numerical simulations for different intrinsic permeability (100 mD, 250 mD, 500 

mD, 750 mD, 1000 mD, 1500 mD, and 2000 mD) at 3 MPa depressurization pressure 

were run in order to understand the effect of permeability on gas production from the 

upper gas hydrate section. The results (cumulative gas production, cumulative water 

production and gas flow rate) are compared in Figure 7-90, Figure 7-91 and Figure 

7-92 respectively. As permeability increases, gas production and water production 

increases as in Figure 7-90 and Figure 7-91 . However, the differences of cumulative 

productions are narrow when going through from higher permeability to lower 

permeability as seen in Figure 7-90. Therefore, core samples should be taken with 

special coreholder without affecting hydrate structure and in laboratory necessary 

permeability and geomechanical analysis should be done. 
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Figure 7-90: Effect of absolute permeability on gas production at 3 MPa 

depressurization pressure from upper gas hydrate 

 

 

Figure 7-91: Effect of absolute permeability on water production at 3 MPa 

depressurization pressure from upper gas hydrate 
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Figure 7-92: Effect of absolute permeability on gas flow rate at 3 MPa 

depressurization pressure from upper gas hydrate 

 

If the clay layer above 6 m-thick gas hydrate layer is permeable and geomechanically 

weak, production test might be conducted in the lower 30m-thick gas hydrate layer. 

Although Zander et al. (2016) made geomechanical simulations in this area and 

showed maximum seafloor subsidence is 12-15 cm after depressurization, more 

experimental and numerical geomechanical studies should be conducted at the same 

time. Moreover, 74 m clay layer above this hydrate layer and also 6 m-thick gas 

hydrate layer create good seals and it is not possible seawater to reach the lower 

hydrate section. For this reason, depressurization simulations were held at 2 MPa, 2.5 

MPa, 3 MPa, 4 MPa, 5 MPa, and 6 MPa for gas production from 30 m-thick gas 

hydrate layer. Figure 7-93, Figure 7-94, Figure 7-95, and Figure 7-96 show the 

cumulative gas production, cumulative water production, gas to water production 

ratio and gas production flow rate at different depressurization pressures respectively. 

The highest gas production within 60 day-production test was obtained at 2 MPa. At 

2.0 MPa, the cumulative gas production from the lower gas hydrate section within 60 

day-production test is approximately 4.5 times higher than the cumulative gas 

production from the upper gas hydrate section because the thickness and perforation 

interval of the lower gas hydrate section is higher.  
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Figure 7-93: Cumulative gas production for lower gas hydrate section 

 

 

Figure 7-94: Cumulative water production for lower gas hydrate section at different 

depressurization pressures 
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Figure 7-95: Gas to water production ratio of lower gas hydrate section at different 

depressurization pressures 

 

 

Figure 7-96: Gas flow rate for lower gas hydrate section 
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Figure 7-97: Pressure, Temperature, hydrate saturation, gas saturation, and aqueous 

saturation at a) 0-day b) 60 days at 3 MPa depressurization pressure 
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Compared to upper thin gas hydrate section, no ice formation was observed during 

depressurization test of lower gas hydrate section (hydrate zone 2) at 2 MPa even in 

2 year-long-term simulation. The reason of this is that the temperature of lower gas 

hydrate zone (13.3oC in the middle) is higher than the temperature of upper gas 

hydrate zone (10.75oC in the middle). However, to avoid high sand production and 

lower risk of ice formation along wellbore and in pores, it is better to choose 3 or 4 

MPa as a test pressure. In order to visualize the changes in pressure, temperature, 

aqueous saturation, hydrate saturation and gas saturation after 60 day-short-term 

production test, Figure 7-97 was shown for 3 MPa depressurization. If upper gas 

hydrate section and lower gas hydrate section are at similar temperature conditions, 

it is expected that upper (thin) gas hydrate section would dissociate faster because 

heat conduction is quite low in thick gas hydrate reservoirs compared to thin gas 

hydrate reservoirs. However, in this study, lower gas hydrate section has higher 

temperature compared to upper gas hydrate section. Hence, gas hydrate dissociation 

fronts in Figure 7-89 and Figure 7-97 close to each other. At least 20 m far from 

production test well, two observation wells might be necessary to prove gas hydrate 

dissociation and also to measure temperature and pressure changes in gas hydrate 

sections. Furthermore, geomechanical gauges might be inserted to these observation 

wells to record geomechanical changes during depressurization.  

 

For lower gas hydrate section, numerical simulations for different intrinsic 

permeability (100 mD, 250 mD, 500 mD, 750 mD, 1000 mD, 1500 mD, and 2000 

mD) at 3 MPa depressurization pressure were run and their results are shown in 

Figure 7-98, Figure 7-99, and Figure 7-100. As permeability increases, gas 

production and water production increases. However, the differences of productions 

are narrow when going through from high permeability to low permeability as seen 

in Figure 7-98, Figure 7-99, and Figure 7-100. Therefore, the determination of 

permeability is quite important for accurate prediction of gas and water production. 

Many core samples should be collected from the Danube fan and the Black Sea before 

any short-term production test and production experiments. The sediment type, grain 

size, pore water properties, porosity, permeability, and geomechanical properties of 

core samples should be analyzed carefully. 
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Figure 7-98: Effect of absolute permeability on gas production at 3 MPa 

depressurization pressure from lower gas hydrate 

 

 

Figure 7-99: Effect of absolute permeability on gas flow rate at 3 MPa 

depressurization pressure from lower gas hydrate 
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Figure 7-100: Effect of absolute permeability on water production at 3 MPa 

depressurization pressure from lower gas hydrate 

 

60-day depressurization test in Danube Fan might give many clues about sand 

production, pressure changes, temperature changes, gas and water production. 

According to the results of this first short-term production test, better designs of 

drilling, well completion and production from the Black Sea gas hydrate might be 

made. Hence, after 60-day depressurization tests, the production and observations 

wells might be easily plugged either by cement plugs or drillable permenant packers. 

After plugging, it is expected that gas and free water in pores will form gas hydrate 

again and gas hydrate zones become stable again after short-term production tests. 

As seen Figure 7-101, after stopping production test and plugging the well in Nankai 

Trough first gas hydrate depressurization test in 2013, pressure near wellbore 

increased to near initial pressure conditions in a short time. 
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Figure 7-101: Pressure, gas production rate and water production rate during 6-day 

depressurization test in Nankai Trough, Japan (Kawamoto, 2014) 
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7.5 A New Gas Hydrate Software (HEP) to Predict Gas Hydrate Properties 

 

Gas hydrate software is necessary for natural gas hydrate transportation through 

pipelines, the experimental studies and the prediction of gas compositions of gas 

hydrate detected by BSRs. Gas produced from gas reservoirs include always water 

and also especially in winter times, there is a risk of pipe plugging due to hydrate 

formation. Therefore, the hydrate formation conditions of natural gas transported 

should be known and then necessary preventions can be taken. Moreover, before 

experimental studies, at certain temperature, the hydrate forming pressure of gas or 

gas mixtures such as CH4, C2H6, C3H8, n-C4H10, i-C4H10, n-C5H12, i-C5H12, n-C6H14, 

H2S, N2 and CO2 should be known to calculate the amount of gas injected into the 

high pressure cell or reactor. As stated earlier in Chapter 2, bottom simulation 

reflectance (BSR) seismic data are commonly used to find Class 1 hydrate reservoirs.  

With gas hydrate software, gas compositions can be determined at the location of 

BSR by using some information of BSR such as sea depth, temperature, and pressure 

gradient. 

 

Gas hydrate software is quite useful. The most commonly used gas hydrate software 

is CSMHYD. It is a code of Colorado Schools of Mines. It predicts the 

thermodynamics of stable hydrate structures at given pressure, temperature and 

composition conditions (CSM, 2016). Although it is a free software, it is not an open 

source code so it cannot be used in other codes by adaptation for different purposes. 

Similarly, CSMGem codes of Colorado Schools of Mines are commonly used to 

predict hydrate properties with and without inhibitors. Moreover, there is another gas 

hydrate software called HydraFLASH (software of HYDRAFACT Group in Institute 

of Petroleum Engineering, Heriot-Watt University) predicting PVT properties of gas 

hydrates (Hydrafact, 2016).  

 

The Black Sea consists of sI and sII gas hydrates. Although sI hydrate includes mostly 

100 % CH4 in nature, sII hydrates include CH4 and other impurities such as C3H8. 

Therefore, the gas hydrate software for gas mixtures is essential in this study because 
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many core samples and gas samples collected in the Black Sea include thermogenic 

gases.  

 

In the experimental studies, in order to form gas hydrate at specific gas, water and 

hydrate saturations in the high pressure cell or reactor, some calculations (i.e mass 

equilibrium) are essential. For these calculations, the density of gas hydrate and gas 

hydrate equilibrium pressure of pure gas or gas mixture are needed. Moreover, for 

the prediction of gas compositions at the BSRs detected in the Black Sea conditions, 

a good hydrate software is needed and these codes can be connected to other codes 

to get gas hydrate properties.  

 

In this study, Matlab 2014a was used to write the codes of a gas hydrate program to 

predict the hydrate properties of pure CH4, C2H6, C3H8, n-C4H10, i-C4H10, n-C5H12, i-

C5H12, n-C6H14, H2S, N2, CO2 and the mixtures of these components with/without 

pure or mixtures of NaCl, CaCl2, KCl, Methanol, Ethanol, Ethylene Glycol, DEG, 

TEG. The name of the code is called “HEP” (Hydrate Equilibrium Properties) in m 

file of Matlab 2014a. The algorithm of the code of HEP is briefly described in Figure 

7-102. In this study by using HEP.m, it is aimed to predict: 

 

 Hydrate equilibrium pressures of pure CH4, C2H6, C3H8, n-C4H10, i-C4H10, n-

C5H12, i-C5H12, n-C6H14, H2S, N2, CO2 and the mixtures of these components 

 The type of gas hydrate structure (sI or sII) of pure gas or gas mixtures 

 Hydrate properties of pure gas or gas mixtures such as density, molecular 

weight, hydration number, and enthalpy of hydrate dissociation 

 Gas compositional fractions (cavity filling ratio) in the small and large cages 

of sI and sII hydrates 

 All values mentioned above with inhibitors: NaCl, CaCl2, KCl, Methanol, 

Ethanol, Ethylene Glycol, DEG, TEG and their mixtures 
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Figure 7-102: Algorithm of HEP code 

Langmuir constants by 

Equation (4-26), Table 

4-8 and Table 4-9 

Input 

Gas Composition 

Temperature 

Inhibitor 

 

 

 

Ki values are found by using 

Equation (4-3) to (4-20) and 

Table 4-1 to Table 4-5 for each 

gas component and hydrate 

stucture sI and sII 

Hydrate equilibrium 

pressure for sI hydrate 

is iteratively found to 

satisfy the conditions 

of  Equation (4-2) 

Temperature depression 

calculation because of 

inhibitor using Equation 

(4-21) and Table 4-6, 

Table 4-7 or the method 

of Ameripour (2005) is 

used for the mixture of 

inhibitors 

If there is 

no inhibitor 

If there is/are 

inhibitor(s) 

Hydrate equilibrium 

pressure for sII hydrate 

is iteratively found to 

satisfy the conditions of  

Equation (4-2) 

Selection of sI and sII hydrate 

is made according to the lowest 

hydrate equilibrium pressure 

calculated by sI and sII hydrate 

formulas 

z and Fugacity 

calculation by 

Peng-Robinson 

EOS for gas 

mixtures 

(Ahmed, 2007) 

Cage occupancy of pure gas or 

each gas in mixture in the small 

and large cages of sI and sII 

hydrate by Equation (4-24)  

 Hydration number with Equation (4-27) 

or Equation (4-28) 

 Molecular weight with Equation (4-29) 

 Density with Equation (4-30) or (4-31) 

 Enthalpy of hydrate dissociation by 

Equation (4-33) 
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Table 7-18: Error Analysis from Figure 7-103 to Figure 7-115 with Minitab 17 

 

Figures  

R2 (%) 

HEP+ CSMHYD HydraFLASH CSMGem 

Figure 7-103 99.75 99.76 99.4 99.64 

Figure 7-104 94.07 89.77 95.86 94.98 

Figure 7-105 86.46 NA NA NA 

Figure 7-106 

C2H6- 99.59 

CO2- 98.47 

C3H8- 88.95 

C2H6- 99.68 

CO2- 98.45 

C3H8- 88.96 

C2H6- 98.25 

CO2- 99.12 

C3H8- 86.27 

C2H6- 96.04 

CO2- 98.42 

C3H8- 88.95 

Figure 7-107 99.9 99.8 99.8 99.8 

Figure 7-108 99.62 99.09 99.08 99.63 

Figure 7-109 99.49 99.85 99.78 99.46 

Figure 7-110 

87 % CH4+13% 

CO2: 99.12; 

88.3 % CH4+ 

11.7 % C3H8: 

99.68 

87 % CH4+ 

13% CO2: 

99.12; 

88.3 % CH4+ 

11.7 % C3H8: 

99.87 

87 % CH4+ 

13% CO2: 

99.93; 

88.3 % CH4+ 

11.7 % C3H8: 

99.11 

87 % CH4+ 

13% CO2: 

99.98; 

88.3 % CH4+ 

11.7 % C3H8: 

99.11 

Figure 7-111 99.01 NA 99.61 99.63 

Figure 7-112 99.23 NA 99.04 99.03 

Figure 7-113 98.98 NA 98.66 99.02 

Figure 7-114 97 NA 97.13 NA 

Figure 7-115 96.48 NA 97.36 96.16 

*NA: Not Applicable; + The code written in this study 
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In order to check the reliability of HEP.m code, the results should be compared with 

the experimental data and the data predicted with HEP, CSMHYD, CSMGem and 

HydraFLASH. Therefore, from Figure 7-103 to Figure 7-115, the experimental 

hydrate equilibrium results in literature and the predicted results by HEP, CSMHYD, 

CSMGem, and HydraFLASH for different pure gases and gas mixtures with and 

without inhibitors are compared. 

 

The fitting of predicted results by HEP, CSMHYD, CSMGem, and HydraFLASH to 

the experimental data were analyzed statistically by using Minitab 17, which is 

powerful statistical software (Minitab, 2016). R2 values of these statistical 

evaluations were shown in Table 7-18.  

 

In Figure 7-103, the experimental result of CH4 hydrate equilibrium curve between -

10.8 oC and 15 oC are compared with those curve predicted by HEP, CSMHYD, 

CSMGem, HydraFLASH and the formula of Sultan et al.(2004). CH4 hydrate is the 

most common hydrate in nature so it is important to predict its equilibrium pressure 

and its properties. Figure 7-103 shows that there is a very good agreement between 

the experimental CH4 hydrate equilibrium data of Maekawa (1998), Deaton and Frost 

(1946) and the predicted data by HEP, CSMHYD, CSMGem, HydraFLASH and the 

formula of Sultan et al. (2004). When R2 values in Table 7-18 are compared, all 

softwares fit to the pure CH4 experimental hydrate equilibrium data very well. 
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Figure 7-103: Comparison of CH4 hydrate equilibrium curve of HEP, CSMHYD, 

CSMGem and HydraFLASH with experimental and other software data 
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The experimental CH4 hydrate equilibrium curves of Marshall et al. (1964) and 

Nakano et al. (1999) were measured between 0 oC and 47oC. As these results are 

compared with the calculated data by HEP, CSMHYD, CSMGem and HydraFLASH 

in Figure 7-104, all values are close to each other until 24 oC. However, after 24 oC 

(higher temperatures), the calculated data by CSMHYD are quite different from the 

experimental CH4 hydrate equilibrium data. For the formation of CH4 hydrate after 

20-30 oC, high pressure values are needed. Although it is possible to form CH4 

hydrate after 20-30 oC in the laboratory conditions, in nature (both gas hydrate 

reservoirs and during the transportation of natural gas hydrate), these conditions (i.e, 

at 30 oC, 10,000 psia) cannot be reached easily (Max and Johnson, 2016). According 

to Moridis et al. (2005), the largest pressure at which natural gas hydrates are known 

to exist (i.e., about 1595.4 psia). Moreover, Kirby et al. (2004) stated that hydrate 

usually occurs in sediments where temperature of 0 to 20 oC (Hydrate equilibrium 

pressure of CH4 ranges from 382.3 psia to 3087.1 psia between these temperatures).  

Hence, HEP, CSMHYD, CSMGem, and HydraFLASH can be used to predict the 

hydrate formation conditions of CH4. R
2 value for CSMHYD is lowest (89.77) but 

R2 values of HEP, CSMGem, and HydraFLASH change from 94.07 to 95.86 as seen 

in Table 7-18. 
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Figure 7-104: Comparison of CH4 hydrate equilibrium curve of HEP, CSMHYD, 

CSMGem and HydraFLASH with experimental and other software data at high 

temperatures 
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As well as hydrate equilibrium pressure of CH4 at certain temperatures, the 

determination of enthalpy of hydrate dissociation is also quite important. Especially, 

during the hydrate formation or dissociation in the sediments inside the high pressure 

cells or reactors, the temperature of the system decreases or increases because the 

formation of hydrate is exothermic and the dissociation of hydrate is endothermic. 

Although CSMHYD, CSMGem and HydraFLASH cannot predict the enthalpy of 

hydrate dissociation, HEP calculates the enthalpy of hydrate dissociation by using 

Equation (4-33) (Clausius-Clapeyron equation) for pure CH4, C2H6, C3H8, n-C4H10, 

i-C4H10, n-C5H12, i-C5H12, n-C6H14, H2S, N2, CO2 and the mixtures of these 

components. The equation of Kamath (1984) in Equation (4-32) is also commonly 

used for the calculation of the enthalpy of hydrate dissociation for different pure gases 

such as pure CH4, C2H6, C3H8, H2S, N2, and CO2. Moreover, in HydrateResSim and 

Tough + Hydrate numerical simulators, this equation is used to calculate enthalpy of 

pure CH4 hydrate dissociation (Moridis et al., 2005; Moridis, 2014). The 

experimental data of the enthalpy of CH4 hydrate dissociation in the studies of Gupta 

(2007) and Nakamura et al. (2003) were compared to those values calculated by HEP 

and the formula of Kamath (1984). As shown in Figure 7-105, there is a good 

agreement with the results. In Table 7-18, the error analysis for HEP to predict the 

experimental enthalpy of dissociation of CH4 hydrate is shown. R2 value was 

calculated as 86.46 % by Minitab 17. This value is 81.14 % with Kamath (1984)’s 

equation (Equation (4-32)). Similar to pure CH4 hydrates, HEP also can predict the 

hydrate equilibrium pressure, hydrate density, hydrate molecular weight, hydration 

number, and enthalpy of hydrate dissociation of pure CH4, C2H6, C3H8, n-C4H10, i-

C4H10, n-C5H12, i-C5H12, n-C6H14, H2S, N2, and CO2 hydrate (some these components 

cannot form their pure gas hydrates as shown in Figure 2-1 but they might enter to 

cages of mixed gas hydrates).  
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Figure 7-105: Comparison of enthalpy of CH4 hydrate of HEP and Kamath (1984)’s 

equation with experimental data 

 

Figure 7-106 shows the comparison of hydrate equilibrium of pure C2H6, C3H8, and 

CO2 with HEP, CSMHYD, CSMGem, HydraFLASH and experimental data. The 

results are quite close to each other. Therefore, HEP is capable of predicting hydrate 

equilibrium pressure or temperature of pure hydrates or non-hydrate formers of CH4, 

C2H6, C3H8, n-C4H10, i-C4H10, n-C5H12, i-C5H12, n-C6H14, H2S, N2, and CO2. Table 

7-18 shows R2 values for HEP, CSMHYD, CSMGem and HydraFLASH. These 

values for pure C2H6, C3H8, and CO2 with HEP, CSMHYD, CSMGem and 

HydraFLASH are approximately equal to each other. 99.59 %, 98.47 %, and 88.95 

% R2 for HEP were calculated by Minitab 17 for pure C2H6, CO2, and C3H8 

respectively. 
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Figure 7-106: Comparison of hydrate equilibrium of pure C2H6, C3H8, and CO2 with 

HEP, CSMHYD, CSMGem and HydraFLASH and experimental data 

 

 

 

 

 

 

 

0

100

200

300

400

500

600

700

0.0 3.0 6.0 9.0 12.0 15.0

P
re

ss
u

re
, 

p
si

a

Temperature, oC

Ethane-Experiment Data by Avlonitis (1988)

Ethane-HEP

Ethane-CSMHYD

Ethane-CSMGem

Ethane-HydraFLASH

Carbon dioxide-Experiment Data by Deaton & Frost (1946)

Carbon dioxide-HEP

Carbon dioxide-CSMHYD

Carbon dioxide-CSMGem

Carbon dioxide-HydraFLASH

Propane-Experiment Data by Miller & Strong (1946)

Propane-HEP

Propane-CSMHYD

Propane-HydraFLASH

Propane-CSMGem



259 

 

The hydrate properties of natural gas mixtures are also important for checking any 

possible hydrate plugging during the transportation of natural gas with pipeline and 

understanding sII hydrate (thermogenic) reservoirs in nature. It is obvious that Black 

Sea has high potential of gas hydrates formed from gas mixtures. Samples were 

collected in Amasra, Bartın, Zonguldak-Kozlu in the central Black Sea by gravity 

corer (Küçük et al., 2015b). These samples consist of CH4 (mostly), C2H6, C3H8, n-

C4H10, i-C4H10, n-C5H12, i-C5H12, n-C6H14, H2S, and CO2. Therefore, the prediction 

of thermogenic hydrate properties is as important as the prediction of pure CH4 

hydrate properties. HEP code written in this study with Matlab 2014a can be used to 

predict these properties.  

 

 

Figure 7-107: Comparison of hydrate equilibrium of 93.2 % CH4, 4.25% C2H6, 1.61 

% C3H8, 0.51% CO2, 0.43% N2 with HEP, CSMHYD, CSMGem and HydraFLASH 

and experimental data 
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Wilcox (1941) formed hydrate as bulk by using the gas mixture of 93.2 % CH4, 4.25% 

C2H6, 1.61 % C3H8, 0.51% CO2 and 0.43% N2 between 4.4oC to 16oC. The hydrate 

equilibrium curves of HEP, CSMHYD, CSMGem, and HydraFLASH for the gas 

mixture are shown in Figure 7-107. There is a good agreement between the predicted 

values and experimental results and R2 values are listed in Table 7-18. Similarly, 

good fitting results were obtained by using HEP, CSMHYD, CSMGem and 

HydraFLASH for gas mixtures 78 % CH4 , 2 % C3H8 , 20% CO2 (Bishnoi and 

Dholabhani, 1999); 88.36 % CH4 , 6.82 % C2H6 , 2.54 % C3H8 , 0.38 % i-C4H10 , 0.89 

% n-C4H10 , 1.01 % n-C5H12 (Sloan, 1990); 87 % CH4 , 13% CO2 (Adisasmito et al., 

1991) and 88.3 % CH4 , 11.7 % C3H8 (Deaton and Frost, 1946). The results of HEP, 

CSMHYD, CSMGem and HydraFLASH are shown in Figure 7-108, Figure 7-109, 

and Figure 7-110, respectively. There is a good agreement between the predicted 

values and experimental results and R2 values are listed in Table 7-18. 

 

 

Figure 7-108: Comparison of hydrate equilibrium of 78 % CH4, 2 % C3H8, 20% CO2 

with HEP, CSMHYD, CSMGem and HydraFLASH and experimental data 
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Figure 7-109: Comparison of hydrate equilibrium of 88.36 % CH4, 6.82 % C2H6, 

2.54 % C3H8, 0.38 % i-C4H10, 0.89 % n-C4H10, 1.01 % n-C5H12 with HEP, CSMHYD, 

CSMGem and HydraFLASH and experimental data 

 

 

 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 5 10 15 20 25

P
re

ss
u

re
, 

p
si

a

Temperature, oC

Experimental Data (88.36 % CH4+6.82 % C2H6+2.54 % C3H8+0.38 % i-

C4H10+0.89 % n-C4H10+1.01 % n-C5H12) by Sloan (1990)

HEP

HydraFLASH

CSMHYD

CSMGem



262 

 

 

Figure 7-110: Comparison of hydrate equilibrium of gas mixture (87 % CH4, 13% 

CO2) and gas mixture (88.3 % CH4, 11.7 % C3H8) with HEP, CSMHYD, CSMGem 

and HydraFLASH and experimental data 

 

When gas pipelines are plugged by hydrate formation, different hydrate inhibitors 
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reservoirs. Therefore, the prediction of hydrate equilibrium curve shifts and hydrate 

properties with inhibitors are quite important. HEP can be used to calculate hydrate 

properties after the addition of inhibitors: NaCl, CaCl2, KCl, Methanol, Ethanol, 
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with the data of HEP, CSMGem and HydraFLASH and very similar results were 

obtained with R2 values higher than 99 % (Table 7-18). 

 

 

Figure 7-111: CH4 hydrate equilibrium curve with 10 weight % Methanol with HEP, 

CSMGem and HydraFLASH and experimental data 
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Figure 7-112: CH4 hydrate equilibrium curve with 10.81 weight % NaCl with HEP, 

CSMGem and HydraFLASH and experimental data 
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Figure 7-113: Comparison of hydrate equilibrium of CH4 with inhibitors (6.21 % 

weight NaCl and 10.0 weight % Methanol) with HEP, CSMGem and HydraFLASH 

and experimental data 
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generated from the experimental data. For very complex mixtures, these software 

might not converge. For example, CSMGem could not converge for the gas mixture 

with inhibitor mixture in Figure 7-114. Moreover, the experimental errors of these 

gas mixture and inhibitor mixture could be higher compared to other simple mixtures. 

Therefore, it is better to test this software with experimental data as much as possible. 

HEP is newly written code in this study. It was aimed to test its reliability by 

comparing its results with many experimental data and other similar software 

(CSMHYD, CSMGem and HydraFLASH), which are commonly used in hydrate 

studies and projects (Sloan and Koh, 2008; Hydrafact, 2016). 

 

 

Figure 7-114: Comparison of hydrate equilibrium of 78 % CH4, 2 % C3H8, 20% CO2 

with inhibitors (9.99 % NaCl and 10.01 % Methanol) with HEP and HydraFLASH 

and experimental data 
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Figure 7-115: Comparison of hydrate equilibrium of 84.13 % CH4, 4.67 % C2H6, 

2.34 % C3H8, 0.93 % n-C4H10,  0.93 % n-C5H12, 7% N2 with 10.0 % Methanol with 

HEP, CSMHYD, CSMGem and HydraFLASH and experimental data 
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10.0 % Methanol mixture (Dimitrious and Varotsis, 1996) was selected because it 
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Küçük et al. (2015b). HEP fits to the experimental data very well with 99.23 % R2 as 

seen in Table 7-18. 
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By using HEP.m code, the enthalpy of natural gas hydrate, density, hydrate type and 

the cage occupation by each gas are also predicted as well as pure gases. Table 7-19 

shows the comparisons of the enthalpy values of natural gas hydrate between HEP 

and experimental data. The calculated values by HEP is quite close to those values 

measured in the experiments. 

 

Table 7-19: Comparison of enthalpy of hydrate dissociation of gas mixtures 

 

Gas Mixture 
∆H, kJ/mol 

(Sarshar et al., 2009) 

∆H, kJ/mol 

(This Study 

with HEP) 

65.02 % CH4, 2.39% C2H6, 26.62 % 

C3H8, 1.5 % i-C4H10,  1.5% CO2, 4.26 

% O2, 0.22% N2 

73.9 

@ 286 K 

74.107 

@ 286 K 

70 % CO2, 30 % N2 
63.41 

@ 273.65 K 

60.829 

@ 273.65 K 

 

In Table 7-20, some of hydrate properties calculated by CSMHYD by Sloan and Koh 

(2008) and those calculated by HEP and CSMGem were compared. Free gas 

concentration at hydrate equilibrium conditions (277 K) are 90 % CH4, 7 % C2H6 and 

3 % C3H8. Gas hydrate of this gas mixture was guessed as sII by CSMHYD, 

CSMGem and HEP. Although pure CH4 and pure C2H6 form sI hydrate, C3H8 forms 

sII hydrate at appropriate conditions for hydrate formation. Therefore, even if 1 % of 

C3H8 is added to the system where CH4 gas exist, sII hydrate starts to form. When 

free C3H8 concentration decreases to almost zero and if there is still free water and 

free CH4 gas in the system, sI hydrate starts to form. In order to understand all of 

these, the type of gas hydrate of gas mixture or pure gas and the ratio of the molecular 

diameter to cavity diameters of each gas for each cages should be known. As seen in 

Table 7-20 with HEP calculation, CH4 molecules fill 66.5 % of small cages of sII 

hydrate and 6.5 % of large cages. However, C2H6 only fills 5.2 % of large cages of 

sII hydrate but it cannot fit to the small cages of sII hydrate. Similarly, C3H8 fills 84 

% of the large cages of sII hydrate because it is sII hydrate former but it cannot fit 
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into the small cages of sII hydrate. Hence, sII hydrate of pure C3H8 has empty small 

cages and sII hydrate of gas mixture in Table 7-20 does not have empty cages. 

Therefore, compared to pure sII hydrate of C3H8, sII hydrate of this gas mixture is 

much more stable and it is hard to dissociate these gas hydrates. Table 2-2 is useful 

to understand the ratio of the molecular diameter to cavity diameters of each gas for 

each cages of sI and sII hydrate. The hydrate equilibrium pressure of the gas mixture 

in Table 7-20 was calculated by HEP as 187.6 psia at 277 K (3.85 oC). For example, 

if there is a gas hydrate reservoir with the composition in Table 7-20 in nature, in 

order to produce gas from this reservoir, pressure should be decreased below 187.6 

psia (for depressurization production method) so for this type of reservoirs, other 

methods such thermal stimulation might be essential because depressurization is quite 

difficult for this case. 

 

Table 7-20: Comparison of some hydrate properties determined with HEP and 

CSMHYD 

 CH4 C2H6 C3H8 

CSMHYD, 

Sloan and 

Koh (2008) 

Concentration 90 7 3 

θs 0.67 0 0 

θL 0.057 0.096 0.84 

Hydrate Density,g/cm3 0.94 

Hydrate Type sII 

Equilibrium Pressure, psia @ 

277 K 
189.58 

 

CSMGem 

θs 0.698 0.0004 0 

θL 0.0434 0.1455 0.8046 

Hydrate Density, g/cm3 - 

Hydrate Type sII 

Equilibrium Pressure, psia @ 

277 K 
176.33 

 

In this study 

with HEP 

θs 0.665 0 0 

θL 0.065 0.052 0.876 

Hydrate Density, g/cm3 0.945 

Hydrate Type sII 

Equilibrium Pressure, psia @ 

277 K 
187.6 
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In order to calculate the initial gas in place in gas hydrate reservoirs, Equation (3-9) 

is commonly used. Hydration number is also used in this equation for the calculation 

of expansion factor. By using HEP, hydration number of 99.97 % CH4, 0.03 % C2H6 

gas mixture was calculated at the conditions of the experimental study of Kida et al. 

(2009) and close values are obtained as listed in Table 7-21. 

 

Table 7-21: Comparison of some hydrate properties determined with HEP and the 

experimental study of Kida et al. (2009) 

 CH4 C2H6 

Kida et al. (2009) 

Concentration 99.97 0.03 

θs 0.853 ± 0.030 0 

θL 0.975 ± 0.002 - 

Hydration Number 6.09 ± 0.04 

 

In this study with 

HEP 

Concentration 99.97 0.03 

θs 0.890 0 

θL 0.976 0.002 

Hydration Number 6.013 

 

 

7.6 Prediction of Gas Mixture Composition Change during Hydrate Formation 

with HEPComp 

 

In order to predict hydrate formation conditions of natural gas transmitted by 

pipelines, there are several experimental studies (Daraboina et al., 2013). In these 

experiments, when hydrate formation starts with the decrease of temperature in the 

high pressure cell or reactor, gas composition changes with time. Similar observations 

were obtained in the experimental studies of Abbasov (2014), Abbasov et al. (2016), 

Küçük et al. (2013) and Schicks et al. (2011). Different from these studies, Bouillot 
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and Herri (2015) and Le Quang et al. (2016) analyzed gas compositional change 

during hydrate formation experimentally and mathematically. 

 

The coring operations in gas hydrate reservoirs are quite difficult. As temperature 

increases or pressure decreases, hydrate core sample dissociates (Abid et al., 2015). 

Therefore, generally, when gas hydrate sample taken with the closed core barrel to 

the surface, gas hydrate dissociates and free gas composition in gas mixture can be 

determined with GC (Gas Chromatography) analysis. The gas mixture composition 

before hydrate formation and after hydrate formation are quite different. By using the 

overall gas mixture, hydrate in sediments can be formed at the conditions of hydrate 

reservoir experimentally. As temperature decreases, hydrate forms and free gas 

composition in pores changes with hydrate formation. In Table 7-22, the results of 

the compositional change of feed gas during hydrate formation with experimental 

data of Küçük et al. (2013) and Abbasov (2014) and software (HEPComp) are listed.  

HEPComp.m (HEP Computational) matlab code was written in this study to predict 

gas compositional change during hydrate formation of gas mixtures. In the study of 

Küçük et al. (2013), gas composition of 94.84 % CH4, 2.04 % C3H8, and 3.12 % CO2 

was injected into the sediments saturated with water in a 200 cm3 cylindrical high 

pressure cell at room temperatures and then temperature of the system was decreased 

to 4oC. When the decrease of system pressure stopped, this means that hydrate 

equilibrium conditions were satisfied at 4oC. Then, GC analysis of free gas was done 

and the gas mixture includes 97.784 % CH4, 0.206 % C3H8 and 2.01 CO2 %. The 

reason of this compositional change is similar to those explained in detailed for Table 

7-20. During gas hydrate formation of feed gas, because of C3H8 concentration, sII 

hydrate forms. Therefore, there is a decrease in the composition of C3H8 in free gas 

of the system and this makes the increase of the composition of CH4 in the system. 

However, CO2 cannot enter into the small cages of sII hydrate and the large cages of 

sII hydrate are mostly filled by C3H8 and CH4. Hence, the composition of CO2 

decreased slightly. Similarly, in the study of Yang et al. (2015b), when combined the 

hydrate phase equilibrium pressure and relative CO2 gas uptake decrease with C3H8 

concentration increase. 
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Table 7-22: Composition change of feed gas during hydrate formation with 

experimental data and software (HEPComp) 

Source 
Initial Feed Gas 

Composition 

After Hydrate Formation 

at Equilibrium @ 4oC 

 

Küçük et al. (2013) 

CH4 

% 

C3H8 

% 

CO2  

% 

CH4  

% 

C3H8 

% 

CO2  

% 

94.84 2.04 3.12 97.784 0.206 2.01 

HEPComp in this study 

(1) 
94.84 2.04 3.12 96.437 0.343 3.22 

 

Abbasov (2014) 95.2 2.97 1.83 98.71 0.357 0.933 

HEPComp in this study 

(2) 
95.2 2.97 1.83 97.619 0.469 1.912 

 

 

Table 7-23: Hydrate properties at the equilibrium conditions in Table 7-22 with 

HEPComp 

 CH4   C3H8   CO2   

 Type NH 
ρH 

g/cm3 

∆H, 

kJ/ 

mol 

 

θs θL θs θL θs θL 

HEP 

(1) 

 

sII 

 

6.4 0.934  73.07 0.825 0.431 0 0.517 0.008 0.032 

HEP 

(2) 
sII 6.5 0.938 73.173 0.812 0.360 0 0.606 0.005 0.016 
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Figure 7-116: Algorithm of HEPComp code 
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compositional change during hydrate formation of gas mixture. The description of 
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(2014) and Küçük et al. (2013) were used to predict the compositional change of gas 

mixture after hydrate formation with HEPComp, very close results were obtained 

with HEPComp and the experimental results. However, as seen in Table 7-22, CO2 

concentration increases with HEPComp after gas hydrate formation but it decreased 
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8 large cages of one sII hydrate structure. Therefore, CO2 only can enter to the large 

cages but C3H8 is sII hydrate former and it wins the competition with CH4 and CO2 

gas molecules to enter the large cages. Moreover, the gas composition ratio of CH4 is 

quite high and serious amount of CH4 fills some large cages as well. This made the 

increase of CO2 concentration after formation with HEPComp. In both studies of 

Abbasov (2014) and Küçük et al. (2013), gas samples were taken by gas sample 

injector and then gas was transferred to GC lab for the analysis. Hence, the air in the 

gas sample injector consists of CO2 and they made correction for air while analyzing 

CO2 concentration in GC results. CO2 concentration reduction in these experiments 

might be related to this mistake. Table 7-23 shows the cavity filling ratio in the cages 

of sII hydrate by HEP. As seen in this table, CO2 concentration in small cages is less 

than 0.5 % and in large cages is less than 3.2 %. Even though the molecule size of 

CO2 is higher than the average diameter of the small cages of sII hydrate (Table 2-2), 

small amount of CO2 might enter into these small cages by distorting them. Similar 

observations were obtained in the experimental study of Park et al. (2006) by using 

Raman and NMR spectra. 

 

In the study of Le Quang et al. (2016), hydrate formation experiments were conducted 

by using different gas feed compositions. Some of these gas mixtures are listed in 

Table 7-24. After hydrate formation as bulk hydrate, free gas mixtures were analyzed 

in gas chromatography (GC). GC results for gas composition A, B, and C were used 

to calculate experimental hydrate composition, which is shown in Table 7-25. These 

experimental results were compared with the predicted hydrate composition with 

HEPComp.m. As seen in Table 7-25, the results are approximately equal to each 

other. Gas hydrate saturation in marine sediments can be calculated from pressure 

core degassing data (Wang et al., 2011). Table 7-26 shows the feed gas composition 

of CH4/N2/CO2 before hydrate formation at 1oC and gas composition after hydrate 

formation measured with GC in the study of Lim et al. (2017). With HEPComp, gas 

composition changes were predicted very well as seen in Table 7-26. Hence, 

HEPComp.m code can be used to calculate gas hydrate saturation and gas mixture 

composition at hydrate reservoir conditions by using surface gas composition 

recovered from the core sample. 
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Table 7-24: Feed gas composition in the study of Le Quang et al. (2016) 

  CO2 N2 CH4 C2H6 

Gas A 0.24 - 0.76 - 

Gas B 0.225 - 0.775 - 

Gas C 0.055   0.917 0.028 

 

Table 7-25: Comparison of experimental hydrate composition of feed gas in Table 

7-24 and predicted hydrate composition with HEPComp  

Type 
Conditions 

Experimental hydrate 

composition (Le Quang 

et al., 2016) 

Predicted hydrate 

composition with 

HEPComp 

P, bar T, oC CO2 CH4 C2H6 CO2 CH4 C2H6 

Gas A 33.3 3.4 0.29 0.71 - 0.277 0.723 - 

Gas B 29.1 2.2 0.292 0.708 - 0.302 0.698   

Gas C 37.75 4.6 0.081 0.799 0.12 0.086 0.823 0.091 

 

Table 7-26: Experimental (Lim et al., 2017) and predicted compositions of 

CH4/N2/CO2 for gas phase after hydrate formations  

Gas 

Composition  
Feed Gas Mixture 

Gas Compositions 

Predicted Gas 

Compositions with 

HEPComp 

CH4 N2 CO2 CH4 N2 CO2 

CH4/N2/CO2 

0.9/0.08/0.02 0.8435 0.1365 0.0201 0.84843 0.11519 0.03638 

0.8/0.16/0.04 0.7144 0.2459 0.0397 0.71837 0.2588 0.02283 

0.7/0.24/0.06 0.5936 0.3567 0.0498 0.59542 0.37191 0.03267 

0.6/0.32/0.08 0.4765 0.4663 0.0573 0.48059 0.47879 0.0462 
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7.7 Calculations to Form Target Hydrate, Gas and Water Saturation in the High 

Pressure Reactor for CH4 Hydrates 

 

By well log data and the core data taken (coring in hydrate reservoirs is quite difficult) 

from gas hydrate reservoirs, initial hydrate, gas and water saturations of gas hydrate 

reservoirs can be determined. Even with the seismic data (i.e. electromagnetic survey) 

and analysis of the acoustic impedance on BSRs detected, the saturations in the gas 

hydrate reservoirs can be predicted (Lu and McMechan, 2002; Wang et al., 2011b; 

Shankar, 2015). In order to simulate the gas production experimentally from gas 

hydrate reservoirs with known saturations, the target saturations should be satisfied 

in high pressure cell or reactor. When the target saturations are satisfied in high 

pressure cell or reactor after hydrate formation, the desired production method such 

as depressurization can be applied. By combining Equation (7-2) to (7-5), the amount 

of gas (simple gas: CH4) and water injected are calculated in order to obtain the target 

gas, hydrate and water (aqueous) saturations. When these saturations are obtained in 

high pressure cell or reactor, during depressurization, gas, hydrate and water 

saturations change with time. By using the gas and water production data at certain 

time, gas, water and gas hydrate saturations at that time are calculated by combining 

Equations (7-6), (7-8), (7-7) and (7-8). 

 

In all studies of Li et al. (2012), Wang et al. (2013b), Li et al. (2014) and Feng et al. 

(2015), the mass balance and saturation equations are used for the determination of 

the target saturations. Peng and Robinson EOS is used to calculate gas molar density 

and the hydrate equilibrium method of Li et al. (2008b) were used. Moreover, the 

constant values listed in Table 7-27 were used for the determination of target 

saturations. 

𝑆𝐺 + 𝑆𝐴 + 𝑆𝐻 = 1.0 (7-2) 

 

Where SG: gas saturation; SA: aqueous saturation; SH: hydrate saturation 

Target saturations are as follows (Li et al., 2012; Wang et al., 2013b; Li et al., 2014; 

Feng et al., 2015):  
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𝑆𝐺 =
𝑣𝑚 + 𝑛𝑚,𝐺

𝑉𝑝𝑜𝑟𝑒
 

(7-3) 

𝑆𝐴 =
𝑚𝑤,𝑖𝑛𝑗 − 𝑁𝐻(𝑛𝑚0 − 𝑛𝑚,𝐺 − 𝑛𝑚,𝑊)𝑀𝑊

𝜌𝑤𝑉𝑝𝑜𝑟𝑒
 

(7-4) 

𝑆𝐻 =
(𝑛𝑚0 − 𝑛𝑚,𝐺 − 𝑛𝑚,𝑊)𝑀𝐻

𝜌𝐻𝑉𝑝𝑜𝑟𝑒
 

(7-5) 

where 𝑣𝑚: molar volume of CH4 (mL/mol) calculated by an equation of states with 

PVT data; nm,G: the amount of the remaining CH4 existing in gas phase; nm,W: the 

amount of dissolved CH4 in aqueous phase; mw,inj: the total injected water mass, 

gram; nm0: the total CH4 amount, mol (Note: the sand grains are assumed to be 

incompressible under high pressure conditions so Vpore: pore volume,cm3 is constant 

any time.); 𝜌𝑤: density of water, g/mL; 𝜌𝐻: density of hydrate, g/mL; NH: hydration 

number; Mw: molecular weight of water, g/mol, MH: molecular weight of hydrate, 

g/mol 

 

Saturations in the high pressure cell or reactor at different percentage of hydrate 

dissociation (Li et al., 2012; Wang et al., 2013b; Li et al., 2014; Feng et al., 2015): 

𝑆𝐻 = 𝑆𝐻00(1 − 𝑥) (7-6) 

 

𝑆𝐺 =
(𝑛𝑚00 + 𝜌𝐻𝑆𝐻00 𝑉𝑝𝑜𝑟𝑒 𝑥 𝑀𝐻⁄ − 𝑛𝑚,𝑊 − 𝑉𝑝 22.4⁄ )𝑣𝑚

𝑉𝑝𝑜𝑟𝑒
 

(7-7) 

 

𝑆𝐴 = 𝑆𝐴00 +
𝑁𝐻𝑀𝑊𝜌𝐻𝑆𝐻00𝑥

𝑀𝐻𝜌𝑤
−

𝑚𝑤

𝜌𝑤𝑉𝑝𝑜𝑟𝑒
 

(7-8) 

 

Where nm00: the total amount of free CH4 before hydrate dissociation, mol; Vp: the 

volume of the produced CH4, L; mw: the mass of the produced water, gram; SH00: 

hydrate saturation before hydrate dissociation; SA00: aqueous saturation before 

hydrate dissociation; x: percentage of hydrate dissociation 
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Table 7-27: Some constants used in the studies of Li et al. (2012), Wang et al. 

(2013b), Li et al. (2014) and Feng et al. (2015) 

Density of Water (ρw), g/cm3 1.0 

Density of CH4 Hydrate (ρH), g/cm3 0.94 

CH4 Hydration Number (NH) 5.75 

Molecular Weight of CH4 Hydrate, g/mol 124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-117: Algorithm of SM code 
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Although Li et al. (2012), Wang et al. (2013b), Li et al. (2014) and Feng et al. (2015) 

assumed that the hydrate properties in Table 7-27 are constant and they do not change 

with pressure and temperature. However, the hydration number of gas hydrate 

changes with temperature and pressure as explained in Chapter 5. With hydration 

number, molecular weight of gas hydrate also changes.  Moreover, water density 

changes with pressure and temperature. In this study, for the saturation determination 

of CH4 hydrate (SM.m), SM (Saturation of Methane hydrates) codes were written 

with Matlab 2014a. The procedure of this code is briefly described in Figure 7-117. 

Different from previous studies, in this study, hydration number, water density, CH4 

hydrate density and CH4 hydrate molecular weight at different pressures and 

temperatures are calculated in SM code. 

Table 7-28: Target saturations, pressure and temperature data in the study of Li et al. 

(2014) 

Source SH SG SA Vpore, 

cm3 

Tinitial, 
oC 

Pinitial, 

psia 

Tfinal, 
oC 

Pfinal, 

psia 

Run#1-

Li et 

al. 

(2014) 

0.436 0.097 0.467 51069 22.8 2935.564 7.0 1588.163 

Run#3-

Li et 

al. 

(2014) 

0.455 0.085 0.460 51069 21.54 2915.259 7.0 1535.95 

 

In order to check the accuracy of SM code for calculating the amount of gas and water 

injected to reach target gas, hydrate and water saturations in high pressure cell or 

reactor, the data of Li et al. (2014) was used in SM code and the results of both study 

were compared. Table 7-28 shows the target saturations, pressure and temperature 

values before hydrate formation and at final conditions in the study Li et al. (2014). 

For example, for Run#1, initially, CH4 and water injected into 51069 cm3 pore 

volume of the sediments in the high pressure (PHS) reactor at 22.8 oC and then 

temperature decreased to 7.0 oC. When pressure of the system decreased to 1588 psia, 
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target hydrate (SH: 0.436), gas (SG: 0.097), and aqueous (SA: 0.467 water) saturations 

were obtained for Run#1. 

 

Table 7-29: The amount of gas and water needed for the target saturations in the 

study of Li et al. (2014) 

Source Gas injected, L Water injected, g 

Run#1-Li et al. (2014) 4622 42210 

Run#1-SM code with constant NH, 

ρw, ρH, Molecular Weight of CH4 
4564.298 42078.681 

Run#1- SM code in this study 4485.253 41530.449 

Run#3-Li et al. (2014) 4688.1 42632 

Run#3-SM code with constant NH, 

ρw, ρH, Molecular Weight of CH4 
4617.756 42515.601 

Run#3- SM code  in this study 4535.648 41945.749 

 

The amount of gas and water needed for the target calculations in Table 7-28 were 

compared for both Run#1 and Run#3 by Li et al. (2014), SM code with constant 

hydrate and water properties as in the study of Li et al. (2014) and SM code as 

described in Figure 7-117. As seen in Table 7-29, the amount of gas and water needed 

for injection by Li et al. (2014) and SM code with constant hydrate and water 

properties as in the study of Li et al. (2014) are close to each other. The small 

differences between the results are due to different approximations and different 

hydrate equilibrium methods used. When the similar results were obtained with SM 

code with the constant hydrate and water properties, the original SM code does not 

neglect the change in water density, hydration number, hydrate density and hydrate 

molecular weight with pressure and temperature. Therefore, SM code is very helpful 

to simulate real gas hydrate conditions experimentally in the high pressure cells or 

reactors.  

 

In the study of Li et al. (2014), when target saturations in Table 7-28 were obtained 

in the high pressure reactor at desired temperature and pressure, depressurization 

experiments were conducted at 687.5 psia for Run#1 and 541 psia for Run#3. By 
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using the measured produced gas and water amount, saturations and hydrate 

dissociation percentages in the high pressure reactor were determined at different 

stages of depressurization by using Equation (7-2) to (7-8). These calculations in the 

study of Li et al. (2014) were compared to the calculations in this study to check the 

reliability of our codes. By combining SM.m code and HEP.code, for the 

determination of gas, hydrate and water saturation, the code “SMProd.m” (SM after 

Production) were written in Matlab 2014a. It is briefly described in Figure 7-118. By 

using the gas and water production data in Table 7-30, final gas, water, hydrate 

saturations and hydrate dissociation percentage were calculated by Li et al. (2014) 

and SMProd.m codes in the high pressure reactor at this stage of depressurization. 

Very close results were obtained as listed in Table 7-31. 

Table 7-30: Experimental Data in the study of Li et al. (2014) during 

depressurization 

 
Depressurization 

Pressure, psia 

Dissociation 

Temperature, oC 

Produced  

Gas, L 

Produced 

Water, g 

Run#1 687.5 6.07 558.9 5528 

Run#3 541 4.35 769.3 7163 

Table 7-31: Calculated saturations during depressurization in Table 7-30 

 

Hydrate 

Dissociation 

% (x) 

 

Sh Sg Sw 

Run#1 

Li et al. (2014) 
11.42 0.386 0.214 0.400 

Run#1- SMProd.m with constant 

NH, ρw, ρH, Molecular Weight of 

CH4 

12.5 0.382 0.215 0.403 

Run#1 with SMProd.m 13.5 0.377 0.217 0.406 

 

Run#3 

Li et al. (2014) 
16.84 0.378 0.239 0.383 

Run#3- SMProd.m with constant 

NH, ρw, ρH, Molecular Weight of 

CH4 

18.0 0.373 0.240 0.386 

Run#3 with SMProd.m 19.0 0.369 0.243 0.389 
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Figure 7-118: Algorithm of SMProd code 
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7.8 Calculations to Form Target Hydrate, Gas and Water Saturation in the High 

Pressure Reactor for Natural Gas Hydrates 

 

The Black Sea has sI and sII gas hydrate potential. Therefore, thermogenic (sII) 

hydrates include gas mixtures. Different from previous studies, in this study, it is also 

aimed to propose a code calculating target hydrate, gas and water saturation in high 

pressure cell or reactor for natural gas hydrates. The description of SMmix.m code 

written by Matlab 2014a is shown in Figure 7-119. 

 

There is no similar example in literature to test the reliability of SMmix code. The 

gas composition (94.84 % CH4, 2.04 % C3H8, and 3.12 % CO2) of Küçük et al. (2013) 

was used to run SMmix code in the Black Sea conditions. The initial conditions and 

target saturations were assumed according to the Black Sea conditions for the analysis 

of SMmix code. 

 

After using the input data given in Table 7-32, the output results in Table 7-33 were 

obtained by SMmix code. As seen in this table, SMmix data gives the amount of gas 

mixture and water needed to reach the target experimental saturations in the high 

pressure reactor (METU reactor) designed in this study. First, the sediments in the 

high pressure reactor should be saturated with 4148.354 gr water after vacuuming air 

from the high pressure reactor. Then, gas mixture (94.84 % CH4, 2.04 % C3H8, and 

3.12 % CO2) should be injected inside the high pressure reactor until 2043.717 psia. 

It was assumed that room temperature is initially around 25oC. Then, the temperature 

of cold room is decreased to 9oC and hydrate forms inside the reactor and it was 

assumed that the equilibrium pressure is approximately 610 psia. SMmix.m code 

gives the final gas composition in free pores, the number of moles of gas inside 

hydrate and water, their fractions and final hydrate properties as seen in Table 7-33. 
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Figure 7-119: Algorithm of SMmix code 

 

 

 

 

Output 

The amount of gas needed  

The amount of water needed 

Final gas composition at equilibirum 

Hydrate properties at desired conditions 

Input 

Gas Composition 

Target Sh, Sg, Sw 

Initial Temperature 

and Pressure 

Final Temperature 

and Pressure 

Pore Volume 

Peng Robinson EOS 

for the determination 

of compresibility 

factor, molar densities, 

and fugacity of gas 

mixture 
By combining and 

adapting Equations 

(7-2), (7-3), (7-4), 

(7-5) for gas mixtures 

and PVT calculations 

the following output 

values are obtained. 

Water 

Density 

(ρw) with 

the 

formulas 

of 

IAPWS-

IF97 

(2007)  

 Solubility 

of gas 

mixture in 

water by 

using the 

method of 

NIST 

(Henry’s 

Constant) 

 

Determination of 

hydrate properties by 

HEPComp.m: 

Prediction of gas 

composition change 

with time 

NH, ρH, and Molecular 

Weight of gas mixture 



285 

 

Table 7-32: Initial conditions for SMMix code analysis 

Source ϕ, % 
Vpore, 

cm3 

SH, 

% 

SG, 

% 

SA, 

% 

Tinitial, 
oC 

Tfinal, 
oC 

Pfinal, 

psia 

Assumed 

data in this 

study 

38.8 8400 0.5 0.4 0.1 25 9.0 610 

 

Table 7-33: Output results of SMmix code 

Gas and Water Amount to be injected 

Gas amount, mol 
Gas volume, 

L 
Water amount, g 

Initial Pressure, 

psia 

35.541 795.090 4148.354 2043.717 

Mole % in Dissolved Gas at Final Conditions 

Mole CH4, % C3H8, % CO2, % 

0.125 49.824 0.571 49.605 

Mole % in Free Gas at Final Conditions 

Mole CH4, % C3H8, % CO2, % 

6.655 95.983 0.819 3.198 

Mole % in Hydrate at Final Conditions 

Mole CH4, % C3H8, % CO2, % 

28.76 94.771 2.329 2.90 

Gas Occupancy in Hydrate at Final Conditions 

CH4 C3H8 CO2 

 

θs θs θs 

0.834 0 0.008 

θL θL θL 

0.294 0.673 0.021 

Hydrate Properties at Final Conditions 

Hydration 

Number 

Density, 

g/cm3 

Molecular Weight, 

g/mol  

6.365 0.946 138.343 
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7.9 Prediction of Natural Gas Hydrate Composition by using BSR data 

 

Bottom simulating reflectance (BSR) data in ocean sediments are important to detect 

Class 1 gas hydrate reservoirs, which is considered as the most promising gas hydrate 

reservoir in nature (See Chapter 2). As stated by Majumdar (2015), gas hydrates were 

found after drilling at the region of 42 % of BSRs detected. Hence, it is important to 

analyze BSRs. By using BSR depth, sea depth, salinity, geothermal gradient and 

pressure gradient in the study area, many information about expected Class 1 hydrate 

reservoir near BSR lines can be found. Therefore, in this study, a code (BSR.m) was 

written by Matlab 2014a. In Figure 7-120, BSR.m code is briefly described. BSR.m 

predicts the composition of gas hydrate, its type, density, hydration number, cavity 

ratio, etc. In order to check the reliability of this code, multiple BSRs detected by 

Popescu et al. (2006) in the Danube deep-sea fan of the Black Sea was investigated. 

Although CH4 hydrate (biogenic-sI hydrate) is common in nature, there are also 

thermogenic (sII hydrate) gas hydrates consisting gas mixtures. sII hydrates are much 

more stable compared to sI hydrates so in deeper sediments (higher temperatures) sII 

hydrates form when appropriate hydrate formation conditions are reached. Hence, 

multiple BSRs are commonly observed where there is biogenic and thermogenic 

gases (Paganoni et al., 2016). 
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Figure 7-120: Algorithm of BSR.m code 
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Figure 7-121 shows the seismic profile in the study of Popescu et al. (2006). As seen 

in the figure, at least 4 BSRs were detected. The composition analysis is quite 

important for simulation studies and production method selection. All BSRs along 

the red line in Figure 7-121 was selected for gas composition analysis with BSR.m 

code.  

 

Figure 7-121: Detail of the multiple BSRs observed by Popescu et al. (2006) 

 

For BSR 1, the analysis was done with BSR.m code by using data listed in Table 

7-34. Pore water salinity, sea depth, BSR depth, pressure gradient below sea floor, 

thermal gradient from sea surface to sea floor, and thermal gradient from sea floor to 

the bottom of formations are given in Table 7-34. Then, as outputs, Figure 7-122 and 

Table 7-35 were obtained for all BSR analysis. As seen in Figure 7-122, when gas 

composition is 100 % CH4 because hydrate equilibrium curve and temperature 

gradient curve intersect at BSR 1 depth (2507 m). The detailed properties of the gas 

hydrate near BSR 1 are shown in Table 7-35 about hydrate properties at this section. 

Therefore, BSR 1 most probably includes sI CH4 hydrate. 
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Table 7-34: The data available for BSRs in the study of Popescu et al. (2006) 

Name 

Pore 

Salinity, 

% 

Sea 

Depth, 

m 

from 

Sea 

Level 

BSR 

Depth,  

m from 

Sea 

Level 

Pressure 

Gradient 

below Sea 

Floor, psi/ft 

Thermal 

gradient 

from sea 

surface to 

bottom, 

oC/m 

Thermal 

gradient 

below 

sea floor 

oC/m 

BSR1 0 1707 2057 0.465 -3.456e-3 0.03 

BSR2 0 1707 2128 0.465 -3.456e-3 0.03 

BSR3 0 1707 2183 0.465 -3.456e-3 0.03 

BSR4 0 1707 2207 0.465 -3.456e-3 0.03 

 

 

 

Figure 7-122: BSR analysis by BSR.m code for BSR 1 with CH4 hydrate 
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Table 7-35: Scenario 1: Output of BSR.m code for BSRs detected in the study of 

Popescu et al. (2006) 

BSR 
Composition 

Selected 

Hydrate 

Type 

 

T, 
oC 

Pressure, 

psia 

Density, 

g/cm3 
Nh 

Molecular 

Weight, 

g/mol 

1 100 % CH4 sI 19.6 3016 0.917 5.829 121.065 

2 
97.86 % CH4, 

2.14% H2S 
sI 21.7 3124 0.938 5.848 123.782 

3 
95.54% CH4, 

4.46% H2S 
sI 23.38 3208 0.955 5.837 125.507 

4 
94.31% CH4, 

5.69% H2S 
sI 24.1 3244 0.961 5.833 126.251 

 

By using geothermal gradient data, salinity, temperature gradient from sea level to 

sea floor and pressure gradient, it was found that BSR 1 might contain CH4 hydrate 

and CH4 hydrate properties at BSR 1 found with BSR.m code are shown in Table 

7-35. If gas hydrate reservoir contains CH4 with other impurities such as C2H6, C3H8, 

H2S and CO2, hydrate formation stability increases. Therefore, especially 

thermogenic gas hydrates form in deeper sediments. In the seismic study of Popescu 

et al. (2006), 4 BSRs were detected. It was shown that CH4 hydrate only can form at 

BSR 1 in this study and also in the study of Popescu et al. (2006). Below BSR 1, it is 

obvious that there might be gas hydrates containing gas mixtures. Hence, compared 

to BSR 1, it is very hard to predict the gas composition for BSR 2, BSR 3 and BSR 4 

without any core data because there are many gas composition scenarios. Therefore, 

two scenarios (CH4 and H2S gas mixture and CH4 and C3H8 gas mixture) were 

evaluated for BSR 2, BSR 3 and BSR 4 separately by using BSR.m code in this study. 

Gas seepages near BSR area might give information about gas components in gas 

mixtures. The predicted gas compositions are listed in Table 7-35 for BSR 1, BSR 2, 

BSR 3, and BSR 4 for scenario 1. For BSR 2, BSR 3 and BSR 4, it was assumed that 

gas mixtures mainly contain CH4 and H2S. As seen in Figure 7-123, Figure 7-124, 

and Figure 7-125, hydrate equilibrium curve of predicted gas mixture intersects with 

geothermal gradient at each BSR’s location. 
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Figure 7-123: BSR analysis by BSR.m code for BSR 2 with 97.86 % CH4, 2.14% 

H2S hydrate 

 

Figure 7-124: BSR analysis by BSR.m code for BSR 3 with 95.54 % CH4, 4.46% 

H2S hydrate 
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Figure 7-125: BSR analysis by BSR.m code for BSR 4 with 94.31 % CH4, 5.69% 

H2S hydrate 

 

As shown in Table 7-35, Figure 7-123, Figure 7-124, and Figure 7-125, BSR 1, BSR 

2, BSR 3 and BSR 4 might contain 100 % CH4; 97.86 % CH4 and 2.14% H2S; 95.54 

% CH4 and 4.46% H2S ; 94.31 % CH4 and 5.69% H2S gas mixtures at equilibrium 

conditions respectively. This scenario might be possible because the Black Sea has 

suitable conditions for hydrate formation of CH4-H2S mixtures according to the study 

of Bülbül et al. (2014). CH4-H2S mixture form sI type of gas hydrate. 

 

BSR 2, BSR 3, and BSR 4 might consist of other gases such as C3H8. Therefore, as 

second scenario, CH4 and C3H8 gas mixture was analyzed for BSRs. As seen in Table 

7-36,  Figure 7-126, Figure 7-127 and Figure 7-128, BSR 1, BSR 2, BSR 3 and BSR 

4 might contain 100 % CH4; 98.02 % CH4 and 1.98% C3H8; 96.58 % CH4 and 3.42% 

C3H8; 95.65 % CH4 and 4.35% C3H8 gas mixtures at equilibrium conditions 

respectively. CH4-C3H8 mixture form sII type of gas hydrate and hydrate properties 

at BSRs are shown in Table 7-36. Therefore, thermogenic gas hydrates might be 

commonly found in the Black Sea.  
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Table 7-36: Scenario 2: Output of BSR.m code for BSRs detected in the study of 

Popescu et al. (2006) 

BSR 
Composition 

Selected 

Hydrate 

Type 

Density, 

g/cm3 
Nh 

Molecular 

Weight, 

g/mol 

1 100 % CH4 sI 0.917 5.829 121.065 

2 
98.02 % CH4, 

1.98% C3H8 
sII 0.943 5.946 127.857 

3 
96.58 % CH4, 

3.42% C3H8 
sII 0.951 5.956 128.816 

4 
95.65 % CH4, 

4.35% C3H8 
sII 0.954 5.961 129.228 

 

 

Figure 7-126: BSR analysis by BSR.m code for BSR 2 with 98.02 % CH4, 1.98% 

C3H8 hydrate 
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Figure 7-127: BSR analysis by BSR.m code for BSR 3 with 96.58 % CH4, 3.42% 

C3H8 hydrate 

 

 

Figure 7-128: BSR analysis by BSR.m code for BSR 4 with 95.65 % CH4, 4.35% 

C3H8 hydrate 
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7.10 Analysis of the Black Sea Sediments in terms of Gas Hydrate Potential by 

using the Core Data of Deep Sea Drilling Project (DSDP) Leg 42B program  

 

According to all investigations in this study, there are several essential elements to 

consider a gas hydrate reservoir as an energy source. Figure 7-129 describes these 

elements. Firstly, source gas is essential, this might be from biogenic or thermogenic 

source rocks. Especially, for thermogenic source gases, migration paths such as faults 

or permeable formations are essential for the movement of gas from source rock 

through the sediments inside gas hydrate stability zone (GHSZ). The sufficient 

amount of water in the sediments inside GHSZ should be satisfied. According to the 

all evaluations of the Black Sea in this study, all of these elements are available. There 

are high sedimentation rates, high amounts of source gas because of its anoxic 

environment, enough thickness of GHSZ, etc. However, there is no much data 

evaluation in the Black Sea related to the Black Sea sediments. As shown in Figure 

7-129, porous and permeable sediments (mostly coarse sands) inside GHSZ is a must 

for gas production from the Black Sea gas hydrates with current technology. 

 

Figure 7-129: Essential elements for gas hydrate reservoir as an energy source 
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Figure 7-130: CH4 hydrate stability zone thickness (Wood and Jung, 2008) 

 

Wood and Jung (2008) estimated CH4 hydrate stability thickness in the world as 

shown in Figure 7-130. The Black Sea average CH4 hydrate stability thickness was 

calculated as approximately 300 m. These calculations are based on sea depth, 

hydrostatic pressure and thermal gradient but not on type of sediments in these 

sections. Hence, although gas hydrate stability zone calculations are important but 

without sediment information, they are not meaningful. Therefore, for the Black Sea, 

it is important to investigate the type of sediments within gas hydrate stability zone 

(GHSZ). The Deep Sea Drilling Project (DSDP) Leg 42B program in the Black Sea 

gives much information about the Black Sea and its sediments but there is not any 

analysis of these sediments in terms of gas hydrates. Hence, the aim of this study is 

to analyze this huge data set (mainly core, water and gas sample data). In 1975, 

several holes were drilled in the Black Sea in order to understand its geological, 

geochemical and sediment history with DSDP Leg 42B program. The aim of DSDP 

is to drill holes in marine sediments and to collect core samples. The collected core 

data are analyzed geologically and geochemically and these data are shared with 

different scientists from all over the world. With this way, many questions are 

answered related to marine geology (DSDP, 2016). As seen in Figure 7-131, DSDP 
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Legs were distributed all around the world. In the Black Sea, in 42B leg drilling 

program, 6 holes were drilled at Site 379, Site 380, and Site 381 (orange arrow shows 

their location in Figure 7-131). 

 

 

Figure 7-131: DSDP Legs 1-96, Sites 1-624 (DSDP, 2016) 

 

In 1975, 6 holes were drilled and many cores were taken in the Black Sea sediments 

with the Glomar Challenger offshore rig. The location and details of these holes are 

shown in Figure 7-132 and Table 7-37 (DSDP, 2016). Because of conventional coring 

operations, gas hydrate could not be recovered with cores in the surface conditions. 

Moreover, the aim of DSDP Leg 42B drilling program in the Black Sea was only for 

geological investigations not for gas hydrate or hydrocarbon explorations. Hence, by 

using the available data of Leg 42B in the Black Sea, we tried to analyze gas hydrate 

potential of the Black Sea in this study. 
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Figure 7-132: Drilling sites in Leg 42B in the Black Sea (Supko et al., 1978) 

 

Table 7-37: The details of the holes drilled in Leg 42B in the Black Sea (Supko et 

al., 1978) 

Hole 

Latitude  

(N) 

Longitude  

(E)  

Sea Depth  

(m) 

MBSF 

# of 

Core 

Meters  

cored 

Recovery 

% 

379 43o00.29' 36o00.68' 2171 7 1 7 57 

379A 43o00.29' 36o00.68' 2171 624.5 68 622 61.3 

379B 43o00.29' 36o00.68' 2171 159 9 80.5 36.4 

380 42o05.98' 29o36.90' 2115 370.5 40 370.5 45.7 

380A 42o05.94' 29o36.82' 2115 1073.5 79 734.5 57.4 

381 41o40.25' 29o24.96' 1750.5 503.5 54 1503.5 55 
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Although many data such as geology, mineralogy, geochemical, grain size, thermal 

gradient, salinity, geomechanical, etc. were gained from the cores taken from the 

Black Sea with Leg 42B program, these data were not evaluated in terms of gas 

hydrate potential of the Black Sea and producible gas hydrate potential of the Black 

Sea sediments. Hence, in this study, we tried to analyze these vast amounts of core 

data to investigate gas hydrate reservoir potential of the Black Sea sediments as 

energy sources.  One of the aims of drilling the holes in Table 7-37 was to understand 

the thickness of Pleistocene period in the Black Sea. However, although scientists 

expected that the end of this period was a few hundred meter below sea floor, after 

drilling data, it was understood that the end of Pleistocene period might be more than 

a kilometer of sediments due to high sedimentation rate in the Black Sea (Ross, 1978). 

The age of Pleistocene is around 1.8 million years (Stoffers and Müller, 1978). 

According to the drilling data of Leg 42B, it was found that the mean deposition is 

20 cm/103 years during Pleistocene period. With slumping and turbidity currents, the 

amount of sedimentation rate was thought to be doubled (Degens et al., 1978). 

 

Figure 7-133: Supply of sedimentary material to the Black Sea on annual basis 

(Shimkus and Trimonis, 1974) 
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As seen in Figure 7-133, different types of sediments are collected in the Black Sea 

via many rivers. The deltas where sediments brought by rivers in the Black Sea are 

potential places for gas hydrate exploration (Max and Johnson, 2016). Furthermore, 

there is only narrow connection of the Black Sea to the Mediterranean Sea. With the 

rise of the sea level around 15000 years ago, the lacustrine environment of the Black 

Sea returned to marine environment around 3000 years ago (Supko et al., 1978; Ross, 

1978b). Hence, the dense (saline) water of the Mediterranean Sea sank and less dense 

water of the Black Sea was above the halocline (see Figure 3-3 and Figure 3-4). In 

the anoxic environments of the Black Sea, the preservation of organic materials 

brought by many rivers is possible compared to oxic environment. This is one of the 

basic information of petroleum geochemistry (Hunt, 1995). The core data of Site 379 

(as shown in Figure 7-132 and Table 7-37) such as sulphur weight percentage and 

organic carbon percentage show the organic material rich sediments of the Black Sea 

in Figure 7-134. Especially between 50 mbsf and 100 mbsf at Hole 379A, the organic 

carbon % is quite high. Hence, the sediments in this region are sapropels which are 

dark colored organic rich sediments (Calvert and Batchelor, 1978) 

 

 

Figure 7-134: Vertical distribution of total Sulphur and organic carbon content at 

Hole 379A (Calvert and Batchelor, 1978) 
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Chlorine content of pore water of sediments are commonly used to calculate gas 

hydrate saturation in sediments and these saturation values are compared with hydrate 

saturations calculated with well logs. If hydrate saturations calculated by Cl 

concentration and well logs are close to each other, it can be concluded that the results 

are reliable. However, if they are quite different, the reasons of this difference are 

investigated, which might be due to wrong core handling and or unreliable logging 

while drilling operations. To illustrate, the hydrate saturations calculated by Cl 

concentration and well log data in the Ulleung Basin (UBGH2), East Sea are shown 

in Figure 7-135-b (Kim et al., 2013). Figure 7-135-a shows Cl anomaly in the 

sediments containing gas hydrates. During the formation of gas hydrate with guest 

molecule (mostly CH4) and host molecules (water), only pure water molecules are 

selected from the pore water and free pore water Cl increases. However, in nature 

hydrate formation takes long times (~ 1000s years), so with time high Cl diffuse away 

from free water. Hence, when Cl concentration of gas section was measured after 

dissociation, mostly Cl concentration is low compared to chlorine baseline of marine 

environment.    

 

Figure 7-135: a) Core profiles of Cl at Site UBGH2-2_1 b) Estimates of gas hydrate 

saturation (Sh) from Cl concentration at Site UBGH2-2_1, compared with Sh 

estimates based on well log resistivity data (black line) (Kim et al., 2013) 
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Figure 7-136: Distribution of Cl in a) Sites 379A/B b) Sites 380/380A c) Site 381 

(Adapted from Shishkina, 1978) 

 

The analysis of Cl profiles of pore water of the Black Sea sediments can be also 

helpful to determine the intervals where there might be gas hydrates in sediments. 

One of the disadvantages of the Black Sea is that most of the wells drilled for deep-

sea explorations targeting conventional oil and gas reservoirs. Furthermore, the 

companies do not share their drilling data and well log data. Therefore, Leg 42B 

drilling program in the Black Sea provides many useful data for gas hydrate analysis 

although the aim of this program was only for geological and geochemical purposes. 

As shown in Figure 7-136, Cl profiles of Sites 380/380A and Sites 381 are similar. 

However, there is a sharp decrease in Cl profile of Site 381 at around 125 mbsf. The 

reason of this might be Cl anomaly due to gas hydrate in sediments. When the data 

of Core 14 of Site 381 was analyzed, gas expansions and voids in the core due to gas 

expansion were observed. Moreover, 125 mbsf is in methane (CH4) hydrate stability 

zone (MHSZ). In Figure 7-137, Core 14 was shown and white sponges illustrates 
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voids formed after gas expansion. This core includes more than 50 % clay content, 

sandy silt, quartz and other minerals. Especially in clay sediments, mostly gas hydrate 

forms as nodules and veins (See Figure 5-3 and Figure 5-4) (Li et al., 2016c). 

Therefore, in Core 14, there might be gas hydrates as nodules. However, in order to 

consider gas hydrate reservoirs as an energy source, they should be in sand-dominated 

sediments as pore filling because these sand-dominated sediments have good 

reservoir properties such as coarse grains, high porosity, and high permeability (Li et 

al., 2016c). When clay content increases, hydrate saturation and reservoir quality 

decrease (Kumar et al., 2015). Therefore, hydrate stability zone (HSZ) and sediment 

types of the Black Sea should be investigated carefully.  

 

Figure 7-137: Core 14 at Site 381 (Site 381, 1978) 
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Figure 7-138: Tentative identification of marine and lacustrine horizons at Hole 

379A based on the distribution of sulfur in the bulk sediment (left), the chlorinity of 

the pore water (Calvert and Batchelor, 1978) 

 

In Site 379/379A, Cl profile is quite different from those at Sites 380 and 381. As 

seen in Figure 7-136-a, there is a Cl anomaly especially between around 40 mbsf and 

400 mbsf. However, the reason of this anomaly is not only the occurrence of gas 

hydrates. As mentioned earlier, around 15000 years ago, the seawater of 

Mediterranean Sea and the Black Sea mixed via narrow Bosphorus connection. 

Hence, lacustrine environment of the Black Sea returned to marine environment with 

time. High saline water of Mediterranean Sea sank in the bottom below the fresh 

water of the Black Sea, which created anoxic environment. When all geological and 

geochemical analysis of the cores of Hole 379A at Site 379 were done, it was 

observed that the anomaly of Cl is due to marine and lacustrine horizons so this is 

because of unique geological history of the Black Sea (Calvert and Batchelor, 1978) 

as shown in Figure 7-138. Therefore, especially for this site (Site 379), it is difficult 

to observe Cl anomaly due to gas hydrate in sediments. Similarly, in the expedition 

of Schwalenberg et al. (2015) in Danube fan in the western Black Sea, generally it 

was observed that pore water salinity is low due to isolation in the past. For more 
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reliable gas hydrate analysis, well log data from logging while drilling, core data 

(taken by specially designed high pressure core holder) and pore water Cl in the Black 

Sea should be evaluated together for future gas hydrate expeditions and explorations 

in the Black Sea. 

 

As discussed earlier, the Black Sea has both biogenic and thermogenic gas hydrate 

potential. Even though gas recovered during Leg 42B drilling program includes 

mostly CH4, there are also other thermogenic gas impurities such as C2H6, C3H8, 

C4H10, i-C5H14, 3,3-dimethylpentane and 2,2-dimethylbutane (Hunt and Whelan, 

1978). i-C5H12, 3,3-dimethylpentane and 2,2-dimethylbutane might form sH hydrate 

with help gas (mostly CH4) (Sassen and MacDonald, 1994; Sloan and Koh, 2008; 

Makogon et al., 1996). These molecules were observed at very low level in the cores 

of Leg 42B drilling program and also in the study of Küçük et al. (2015, 2016) but 

they might be at high concentration in different parts of the Black Sea so sH hydrates 

might be observed in the Black Sea in future as in Gulf of Mexico and Caspian Sea.  

 

One of the advantages of Leg 42B drilling program, all holes were drilled in Turkey’s 

border. Moreover, Site 379 is almost in the center of the Black Sea. Sites 380 and 381 

are near the Bosphorus as seen in Figure 7-132.  All investigations, expeditions, and 

seismic surveys show that there are huge gas fluxes (mostly CH4) in the Black Sea 

because anoxic environment of the Black Sea is appropriate for the generation of gas.  

Hence, these gas sources and appropriate temperature of the Black Sea and 

overburden pressure (mostly 2000 m water head) make the Black Sea as potential 

location in terms of gas hydrates. However, there is another important criterion in 

order to consider gas hydrate as an energy source. This is the type of sediments where 

gas hydrate deposited. There is no doubt of the existence of gas hydrate in the Black 

Sea but the important question should be “in which types of sediments are gas 

hydrates deposited in the Black Sea?” As shown in Figure 3-19, sand-dominated 

sediments are the targets for gas hydrate exploration for gas production purposes 

because as clay content and silt increases, permeability of sediments decreases 

enormously. Mostly, gas hydrate saturation is low in clay sediments and hydrates in 

clays are found as nodules and veins. The evaluation of the Black Sea sediments for 
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gas production from gas hydrates is crucial important. Leg 42B drilling program of 

DSDP provides many information about the sediments in the Black Sea and all data 

are open sources. By using measured salinity, temperature, and water depth data of 

Sites 379, 380 and 381 (Table 7-37 and Figure 7-136) (Site 379, 1978;  Site 380, 

1978; Site 381, 1978; Erickson and Von Herzen, 1978), CH4 hydrate equilibrium 

curves and 93.3 % CH4, 6.7 % C3H8 hydrate equilibrium curves were drawn with 

HEP.m (code written in this study) and these figures were combined with the 

lithostratigraphic section of Sites 379, 380 and 381 (Site 379, 1978;  Site 380, 1978; 

Site 381).  The aim of selecting 93.3 % CH4, 6.7 % C3H8 is to understand the 

approximate depth of mixed gas hydrate stability depth for thermogenic gases. 

According to Vassilev and Dimitrov (2003), the main component of the gas from the 

Black Sea hydrates is CH4 93.3-99.7 %. Hence, we selected thermogenic gas 

including 93.3 % CH4 + 6.7 % C3H8 so the approximate range of mixed gas hydrate 

stability depth for thermogenic gases were predicted for Sites 379, 380 and 381. 

Hydrate equilibrium curves and lithostratigraphy of Sites 379, 380 and 381 are shown 

in Figure 7-139, Figure 7-143 and Figure 7-145, respectively 

 

Figure 7-139: Hydrate equilibrium curves and lithostratigraphy at Site 379 



307 

 

As seen in Figure 7-139, for Site 379, 100 % CH4 and 93.3 % CH4, 6.7 % C3H8 

hydrate stability zones are at nearly 360 mbsf and 540 mbsf respectively. The 

sediments in this site include terrigenous mud, generally with turbidite sequences. 

Sources of terrigenous mud consists of weathering of rocks, wind blown dust, 

abrasion by glaciers and carried by glaciers. Mostly, they include mud, clays, silts 

and fine sands (Bridge and Demicco, 2008). The sediments observed in the core 

samples of Site 379 are mostly a dark greenish-gray to dark gray terrigenous mud, 

with occasional interbeds of clays, silts, sandy silts, and fine sands (Site 379, 1978). 

Although only a few hole data are not enough to make a decision for the Black Sea, 

the sediments observed in Site 379 do not have good reservoirs properties for gas 

hydrates. This is because the muds are silty clays to clayey silts with intercalations of 

very thin sandy silt to sand laminae (up to 8 cm as shown in Figure 7-140) (Site 379, 

1978). Moreover, turbidite units were observed but compared to nearly 1 m thick 

coarse sand sections (alternating sand layers less than 1 m, with cumulative thickness 

of the hydrate bearing-sands around 12-14 m) in turbidites of Nankai field (Tsuji et 

al., 2004), the turbidites of Site 379 mostly include silty clay and very thin sandy silts 

as shown in Figure 7-141. The clays in terrigenous mud consist of illite (mostly) and 

smectite (Stoffers and Müller, 1978). Because of high adsorption capacity of illite 

(Merey, 2013), gas hydrate formations in these type of clays are much more difficult. 

 

Figure 7-140: Sand layer intercalated in a terrigenous mud sequence (Site 379, 1978) 
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Figure 7-141: a) Core 28 (254-263.5 mbsf) of Site 379:Dark greenish gray 

terrigenous mud with abundant muddy sand to sandy mud layers suggesting turbidites 

b) Core 43 of Site 379: Dark greenish gray terrigenous mud with numerous silt and 

sandy mud layers, some indicating turbidite deposits. (Site 379, 1978) 

 

It is hard to see gas hydrates in sediments if the core samples are taken to the surface 

with conventional coring techniques instead of new pressurized coring techniques. 

However, the appearance of the sediments after conventional coring can be a proxy 

for the presence of gas hydrates. With gas hydrate dissociation after conventional 

coring, “soupy” and “mousse-like” sediments are seen as a proxy for the gas hydrate 

existence (Holditch et al., 2008; Melgar, 2009). In the cores of Leg 42B drilling 

program in the Black Sea, soupy and mousse-like sediments were also observed as 
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shown in Figure 7-142. Soupy sediments include high amount of water, and high 

hydrate content might be reason of this when nodular and massive gas hydrate exists. 

Different from soupy sediments, mousse like sediments are considered to include 

disseminated gas hydrates in fine sediments (Melgar, 2009). Therefore, core samples 

are one of good indicators of gas hydrates even if they are conventional core samples. 

 

Figure 7-142: a) Soupy sediments from Hole 381 Core 18 (170 mbsf) b) Mousse-

like sediments from Hole 379A Core 11 (100 mbsf) (Site 379, 1978; Site 381, 1978) 

 

As shown in Figure 7-143, for Site 380, 100 % CH4 and 93.3 % CH4, 6.7 % C3H8 

hydrate stability zones are around 216 mbsf and 365 mbsf respectively.  Compared 

to Site 379, the thicknesses of gas hydrate stability zones of Site 380 are less because 

the sea depth of Site 380 (1750.5 m) is shallower than this in Sites 379 (2171 m) and 

380 (2115 m) and thermal gradient is higher. Similar to Site 379, in the gas hydrate 

stability zones of Site 380, terrigenous sediments which include muds, sandy silts, 

and silty sands are between 0 mbsf and 332.5 mbsf as shown in Figure 7-144.  In this 

region, silty sands might include gas hydrate and they might be good gas hydrate 

reservoir but the problem is their thickness in a few centimeter scale interbedded with 
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clays and silts. Almost all cores obtained during Leg 42B drilling program in the 

Black Sea have heterogeneous structure. In this study, it was shown that gas 

production is higher in gas hydrate in sands interbedded with clays in turbidites 

compared to gas hydrates deposited in thick sand sediments. However, in Sites 379, 

380 and 381, sand sediments are only found in centimeter scale, even perforations of 

these intervals are difficult. However, in different parts of the Black Sea, thicker sand 

dominated zones might be found but it is obvious that the Black Sea sediments are 

very heterogonous and they include high clay content.  

 

 

Figure 7-143: Hydrate equilibrium curves and lithostratigraphy at Site 380 
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Figure 7-144: a) Core 30 of Site 380 (275.5-285 mbsf): interbedded sandy silt layers 

deposited by turbidite currents b) Core 32 of Site 380 (294.5-305.0 mbsf) in muds, 

dark greenish gray, greenish black, color variation attributed to the varying 

abundance of pyrite with intercalation of sandy silt, deposited by turbidity currents 

(Site 380, 1978) 

 

As seen in Figure 7-145, for Site 380, 100 % CH4 and 93.3 % CH4, 6.7 % C3H8 

hydrate stability zones are approximately 235 mbsf and 432 mbsf respectively. 

According to the lithological analysis of core samples of Site 381, the turbidites in 

this region include higher silt and clay content compared to Site 379 and Site 380 

(Site 381, 1978). However, there are sandy silt and sand sections at Site 381 in gas 

hydrate stability zones of 100 % CH4 and 93.3 % CH4, 6.7 % C3H8. During handling 

of Core 18 at Site 380, huge gas expansions and voids were observed as shown in 
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Figure 7-146-a. Unfortunately, there is no explanation of whether gas hydrates were 

observed in the pores of Core 18 because this study was only for geological purposes. 

The interval of Core 18 is between 161.5 and 171 mbsf, which is in both CH4 and 

93.3 % CH4, 6.7 % C3H8 hydrate stability zones as seen in Figure 7-145. Therefore, 

most probably, gas hydrate exists in sandy silt sediments of Core 18 but high silt 

content might be disadvantageous during gas hydrate production because its lower 

permeability characteristic compared to sands (See Figure 3-21). Soupy sediments of 

Hole 381 Core 18 illustrated in Figure 7-146-a shows that there might be nodular type 

of gas hydrates in the pores. Furthermore, Core 42 recovered between 380 mbsf and 

399.5 mbsf includes pebble, sand, mud as shown in Figure 7-146-b. Core 42 is not in 

the CH4 hydrate stability zone but it is in the 93.3 % CH4, 6.7 % C3H8 hydrate zone 

so Core 42 might be a good thermogenic gas hydrate reservoir for gas production. 

Even though high gas release from Core 42 was not reported in Leg 42B drilling 

program, the sediments have optimum properties for gas production from gas 

hydrates. Hence, these sand zones should be targets during gas exploration studies in 

the Black Sea. Turbidites in the Black Sea should be second targets although they 

consist of fine silts, sandy silts and silty sands at Sites 379, 380 and 381. 

 
Figure 7-145: Hydrate equilibrium curves and lithostratigraphy at Site 381 
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Figure 7-146: a) Core 18 of Site 381 (161.5-171 mbsf) Coarse medium gray 

terrigenous calcareous silt with abundant mollusc fragments. Lower part of the core 

is a finer greenish gray terrigenous carbonate mud. Several 5-10 cm voids due to gas 

expansion b) Core 42 of Site 381 (380-399.5 mbsf): Pebble, sand, mud (Site 381, 

1978) 

 

Pleistocene sediments at all three sites (379, 380, and 381) are mainly represented by 

terrigenous muds, clays, silts, and fine sandy interbeds (Muratov et al., 1978). It is 

considered that Pleistocene glacial sediments predominantly host gas hydrates within 

1000 m (Max et al., 2011). Grain size is quite important both for the formation of gas 

hydrates and gas production from gas hydrates. Figure 7-147 shows the grain size 

fractions and clay contents of the sediments at Sites 379, 380 and 381. As seen in this 

figure as clay content increases, grain size decreases. However, when sand content 

increases, grain size increases as well. Therefore, Figure 7-147 is quite useful to 

determine coarse sections, which might be a good gas hydrate reservoir as energy 

source. 
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Core 18 at Site 381 in Figure 7-146-a includes less clay content as shown in Figure 

7-147 with star mark so grain size of Core 18 is higher compared to average grain 

size of the sediments at Site 381. Similar to Figure 7-147, gas hydrates were observed 

in the core sections where sand content is high in DSDP Site 570, Middle America 

Trench and DSDP Site 635, Peru Trench (Ginsburg, 1998). Although it includes high 

silt content, this core might include gas hydrates. Similarly, Core 13 of Site 379 in 

Figure 7-148 consists of coarser silt to sandy silt, and gas expansion was observed 

during handling of this core.  

 

 

Figure 7-148: Core 13 of Site 379 (111.5-121 mbsf): Patches of coarser silt to sandy 

silt occur throughout the core (high gas expansion and voids are due to gas expansion) 

(Site 379, 1978) 
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Kuprin et al. (1978) conducted mechanical experiments on the core samples 

recovered during Leg 42B drilling program of DSDP. The mechanical properties of 

the sediments at Sites 380 and 381 are shown in Figure 7-149. As seen in this figure, 

the sediments between 0 mbsf and 200 mbsf are unlithified or unconsolidated 

sediments and their mechanical strength is very low. However, during gas production 

with depressurization, there might be geomechanical problems (i.e. reservoir 

subsidence) in this interval of the Black Sea. Although CO2/N2 injection method is 

alternative to depressurization method because of its geomechanical advantage, the 

Black Sea does not have appropriate conditions because the Black Sea sediments are 

warm and high injection pressure is necessary for stable CO2/N2 hydrate which might 

cause also geomechanical problems in the Black Sea (See  Figure 7-10, Table 7-5 and 

Table 7-6). Furthermore, until now, CO2/N2 injection has not been tried in marine 

sediments. Underneath 300 mbsf, the deposits can be considered as true rock. 

 

Figure 7-149: Changes in the mechanical (deformative) properties of the deposits 

from Site 381 and Hole 380A and their reaction with the distillate water downsection 

(Kuprin et al., 1978) 
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To summarize, the Leg 42B of DSP provides enormous data about the sediments of 

the Black Sea and their geology and geochemistry. The Black Sea has many 

parameters needed for potential gas hydrates such as huge gas sources, appropriate 

temperature and pressure conditions. However, the sediments of the Black Sea 

include high clay contents and silt contents. Moreover, turbidites in the Black Sea 

includes as coarse material, fine silty sand or sandy silts. There are centimeter scale 

sand sections in the cores recovered. Hence, in different parts of the Black Sea, these 

sands sections might be thicker and include gas hydrates as pore filling as in the 

Danube fan of the Black Sea. With 2D and 3D high resolution reflection seismic 

datasets from a paleo channel-levee system in ~1500 m water depth of the Danube 

Fan, the Black Sea, coarse sandy sediments with good reservoir properties were 

observed within GHSZ (Zander et al., 2016). It was considered that gas hydrate 

saturation might be around 50 % at 140 mbsf with 30 m thickness which was 

determinet by marine controlled source electromagnetic (CSEM) survey (Zander et 

al., 2016). Moreover, in around November 2017, drilling operations are planned to 

collect more data from this region and after the analysis of core samples, 

depressurization test method is planned to be conducted in this site (Personal 

communucation with Dr. Timo Zander and Dr. Matthias Haeckel, 2016). Many new 

exploration holes should be drilled because the Black Sea is mostly unexplored 

marine basin for both for deep and shallow hydrocarbon exploration. Current 

pressurized coring equipment are very useful and hydrate section in cores can be 

recognized. Moreover, as well as core data, well log data are essential. Logging while 

drilling is commonly preferred in gas hydrate expeditions such as in Gulf of Mexico 

Gas Hydrate Joint Industry Project (Collett et al., 2009b). Hence, all core and well 

log data should be evaluated together. 
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CHAPTER 8  

 

 

CONCLUSION 

 

 

 

In this study, the gas hydrate potential of the Black Sea was investigated. Detailed 

analysis was made by using literature data related to the Black Sea and potential Black 

Sea gas hydrates. After determining properties and conditions of the Black Sea and 

the Black Sea gas hydrates, the optimum gas production method was selected for the 

Black Sea conditions by numerical analysis, which are depressurization or 

depressurization combined with thermal stimulation. Then, for the selected 

production method, the experimental set-up (especially high pressure reactor) were 

designed with numerical studies. To compare the laboratory scale simulation with 

reservoir scale simulations, gas production simulations from gas hydrates were 

conducted for hypothetical Class 1 and Class 3 reservoirs. Finally, several codes were 

written to understand and calculate hydrate properties, especially for the Black Sea 

gas hydrates. In this study, the following concluding remarks were obtained: 

 

 The Black Sea has a gas hydrate potential and in this study its potential was 

calculated as ~71.8 tcm (median). However, this amount should not be 

considered as only energy resource. Turbidites (layering of coarse to medium 

sediments and fine sediments alternatively) are thought be common in the 

Black Sea sediments. Gas hydrate in sands are considered as potential source 

of energy compared to the gas hydrate deposited in shales and clays because 

sand sediments have higher permeability compared to clay and shale 

sediments. The average sand content was selected as 14.75 % for average 303 

m thick of gas hydrate section in the Black Sea. CH4 amount in the CH4 

hydrates found in the sands of the Black Sea was calculated as 13.6 tcm 

(median) in this study.  
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 In this study, optimum gas production methods for the potential Black Sea 

gas hydrates were investigated by using the Black Sea literature data. 

Moreover, the experimental set-up to be used in future studies in the Black 

Sea conditions were designed for the Black Sea gas hydrates. Mainly, 

HydrateResSim numerical simulator output data were quite useful to decide 

on the design of high pressure reactor (METU reactor) and the selection of 

the ranges of gas flow meter, separator and mass weigh balance. 

 

  According to the analysis of hydrate equilibrium curves of CH4, CO2, N2 and 

their mixtures in this study, the Black Sea conditions are not favorable for 

CO2 or CO2/N2 injection as a production method for potential Black Sea gas 

hydrates due to the warm temperature of its sediments. 

 

 Depressurization might be a good production method from the Black Sea 

because the temperature of potential hydrate reservoirs and their boundaries 

are expected to be higher than 9oC. The main reason of this is that when 

temperature is higher, depressurization is much more effective.  

 

 Cylindrical high pressure reactor (METU reactor) was designed in 30 cm 

inner length and 30 cm inner diameter with a volume of 21.64 L. The 

simulation results (cumulative gas production and water production) with 

equilibrium and kinetic models are quite close to each other. Therefore, 

METU reactor is likely to have “flow-controlled” system in the Black Sea 

conditions as it is in real hydrate reservoirs. Portable 100 mesh size separator 

which is located 5 cm above the bottom of METU reactor might be quite 

useful to mimic horizontal well production, gas production from Class 1 

hydrate reservoirs and to avoid any plugging due to possible hydrate 

reformation and ice formation in the production lines. Higher gas productions 

were obtained when METU reactor includes 100 mesh separator according to 

the simulations done with HydrateResSim. 0-100 L/min gas flow meter, 5 kg 

water-gas separator, 5 kg mass balance, 250 bar pressure transducer, and 0-
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100oC thermocouples might be enough for the gas production experiments 

from the potential Black Sea gas hydrates. 

 

 Gas production simulations from a hypothetical Class 1 CH4 hydrate reservoir 

in the Black Sea were run by depressurization and depressurization with 

wellbore heating. The higher the depressurizing range is, the faster the 

dissociation rate is as long as there is no ice formation or hydrate reformation. 

The highest gas production was obtained at 3.0 MPa with only 

depressurization but 2.7 MPa was the optimum production pressure by 

depressurization combined with wellbore heating at the conditions of the 

hypothetical Class 1 CH4 hydrate reservoir in this study. Both with and 

without wellbore heating, below 2.7 MPa depressurization pressure, ice 

formations were observed inside the reservoir and ice plugged the pores so 

the production periods below 2.7 MPa were very short. Wellbore heating 

might be necessary to avoid hydrate reformation near perforations. In the 

Black Sea conditions, huge amount of gas (more than 50 % of gas) can be 

produced from the Class 1 hydrate reservoirs both from the hydrate zone and 

free gas zone by depressurization. If the intrinsic permeability of the hydrate 

zone is less than 400 mD, the depressurization might not be effective for the 

hypothetical Class 1 reservoir. Hence, the determination of the intrinsic and 

absolute permeability is very important.  

 

 When the results of the hypothetical Class 3 reservoir were compared with 

the hypothetical Class 1 reservoir, Class 1 hydrates are advantageous. There 

are important contribution of free zone and hydrate zone to gas production.  

The intrinsic permeability has quite important effect on gas production in 

Class 3 reservoir different from Class 1 reservoir. The production behavior of 

laboratory scale simulations and reservoir scale simulations are quite close to 

each other in this study. 

 

 Impermeable clay or shale boundaries of gas hydrates are very important to 

increase gas production from both Class 1 and Class 3 gas hydrate reservoirs 
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because with the decrease of temperature during dissociation of gas hydrates, 

these boundaries supply heat through gas hydrate sections. High temperature 

of the Black Sea sediments (more than 9oC) are quite advantageous to supply 

heat while depressurization method is applied.  

 

 In order to compare gas productions from thick Class 3 hydrate and thin 

hydrate sections in turbidites in the Black Sea conditions, several 

depressurization numerical simulations were run with HydrateResSim. 

Because of faster thermal flux from impermeable boundaries to thin hydrate 

section in turbidites, much more gas might be produced compared to thick 

hydrate sections in the same conditions. 

 

 The Black Sea has a high potential of gas hydrates and the only well-known 

gas hydrate prospect in the Black Sea are gas hydrates in the Danube Fan. 

Moreover, several drilling and production tests are planned in this region. 

Hence, in this study, depressurization simulations were conducted by using 

HydrateResSim at different depressurization pressures. If the clay above the 

upper gas hydrate section is geomechanically stable and impermeable, this 

upper section is appropriate for first depressurization test in the Black Sea at 

3 or 4 MPa within 60-day depressurization test. However, if this clay is 

permeable and is geomechanically weak, the lower gas hydrate section is also 

appropriate short-term depressurization test at 3 or 4 MPa. Moreover, 

observation wells at least 20 m far from the production test well are necessary 

to measure temperature, pressure and geomechanical changes in gas hydrate 

section during production test. With further drilling and coring data, detailed 

well completion and production test design is necessary. 

 

 In this study, HEP.m (Hydrate Equilibrium Properties code) code was written 

with Matlab 2014a. This code can be very useful to predict hydrate properties 

(pure CH4, C2H6, C3H8, n-C4H10, i-C4H10, H2S, N2, CO2 and the mixtures of 

these components and other heavy hydrocarbon molecules such as i-C5H12, n-

C5H12, i-C6H14, n-C6H14) such as hydrate equilibrium pressure, hydrate 
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density, hydrate molecular weight, cage occupancy and enthalpy of 

dissociation of pure or mixed hydrates with/without inhibitors (NaCl, CaCl2, 

KCl, Methanol, Ethanol, Ethylene Glycol, DEG, TEG and their mixtures). 

This code can be used for hydrate studies related to energy source, hydrate 

inhibition conditions during transportation of natural gases from gas fields 

and transportation of natural gas as gas hydrates. In order to understand the 

reliability of this code, hydrate equilibrium pressure, enthalpy and density 

with the experimental studies and those calculated with HEP.m and other 

software were compared and very good fitting results were obtained. 

 

 HEPComp.m code was written with Matlab 2014a in this study. Generally, 

gas hydrate samples dissociate when they are taken from ocean sediments to 

surface. Gas compositions are measured with GC. By using GC results and 

temperature in ocean sediments, HEPComp.m code can predict gas 

composition at initial reservoir conditions. Therefore, this code is also quite 

useful. 

 

 Gas hydrates are considered as potential future energy sources. Therefore, for 

hydrate experimental studies to represent field conditions (especially hydrate 

is formed in sediments inside high pressure reactors), SM.m and SMmix.m 

codes are useful to calculate the amount of water and gas needed to satisfy 

target hydrate saturations for pure CH4 and gas mixtures respectively. The 

results calculated with SM.m were compared with the data in literature and 

very close results were obtained.  

 

 By using BSR depth, sea depth, salinity, geothermal gradient and pressure 

gradient in the study area, many information about expected Class 1 hydrate 

reservoir near BSR lines can be found. Therefore, in this study, a code 

(BSR.m) was written by Matlab 2014a. BSR.m predicts the composition of 

gas hydrate, its type, density, hydration number, cavity ratio, etc. In order to 

check the reliability of this code, multiple BSRs detected by Popescu et al. 
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(2006) in the Danube deep-sea fan of the Black Sea was investigated. Similar 

results were obtained with the study of Popescu et al. (2006). 

 

 As well as numerical simulations and codes written in this study, it was also 

aimed to understand and characterize the potential Black Sea gas hydrates and 

Black Sea sediments. After evaluating all available geology, temperature, 

pressure, salinity, geochemistry, and sediment data of the Black Sea, it was 

observed that the Black Sea has appropriate conditions for gas hydrates. Due 

to gas flux from biogenic sources and thermogenic sources, sI and sII gas 

hydrates are thought to be common in this study. Moreover, although CH4 

recovered from the samples taken in the Black Sea include other impurities i-

C5H12, 3,3-dimethylpentane and 2,2-dimethylbutane, if these components are 

high content in different places of the Black Sea, sH gas hydrates might be 

observed in the Black Sea. 

 

 High amount of gas source potential, temperature and hydrostatic pressure of 

the Black Sea are optimum for gas hydrate formation. The last most important 

parameter for producible gas hydrate reservoirs is that the existence of coarse 

sand dominated sediments depositing gas hydrates as pore filling. However, 

according to all core data in different studies and the core data taken during 

Leg 42B drilling program of DSDP in the Black Sea, the sediments in the 

Black Sea include high clay content, which is not good for gas hydrate 

formation or gas production from hydrates due to their low permeability. 

 

 Although coarse layers of turbidites are considered as potential reservoirs, the 

cores taken from the Black Sea turbidites include very fine to fine silt and 

sandy silt layers. Moreover, very thin sand sections up to 8 cm were observed 

in the cores of Leg 42B drilling program, these sand sections might be thicker 

in different locations of the Black Sea and they might be good hydrate 

reservoirs in terms of gas production. 
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CHAPTER 9  

 

 

RECOMMENDATION 

 

 

 

Based on the experience gained in the present study, the following suggestions are 

recommended for future researches in this area: 

 

In this study, it is aimed to analyze the general properties and behaviors of potential 

gas hydrates in the Black Sea. However, gas hydrate reservoirs in different places of 

the Black Sea should be evaluated separately. There are seismic studies in the Black 

Sea and these studies should be completed with drilling of many holes in the Black 

Sea sediments. As in many places of the world, the first aim of these drillings should 

not be immediate gas production tests. Firstly, many holes with logging while drilling 

should be drilled at sections where strong BSR lines are observed. Moreover, core 

samples should be taken and necessary experiments should be conducted to 

characterize the Black Sea gas hydrates. Drilling, coring and well logging will bring 

many new data and these data are crucial to develop a production method for that 

case. Therefore, it is important to conduct gas production experiments and relative 

permeability experiments for a specific hydrate reservoir compared to general hydrate 

studies. Moreover, numerical simulations will be very helpful to predict and choose 

appropriate production method, well testing and well completion for a specific gas 

hydrate reservoir in the Black Sea.  
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