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ABSTRACT 

Prediction of Gas-Hydrate Formation Conditions in  

Production and Surface Facilities. (August 2005)  

Sharareh Ameripour, 

 B.S., Amirkabir University of Technology, Tehran, Iran 

Chair of Advisory Committee: Dr. Maria. A. Barrufet 

 
 

Gas hydrates are a well-known problem in the oil and gas industry and cost millions of 

dollars in production and transmission pipelines. To prevent this problem, it is important 

to predict the temperature and pressure under which gas hydrates will form. Of the 

thermodynamic models in the literature, only a couple can predict the hydrate-formation 

temperature or pressure for complex systems including inhibitors.  

 

I developed two simple correlations for calculating the hydrate-formation pressure or 

temperature for single components or gas mixtures. These correlations are based on over 

1,100 published data points of gas-hydrate formation temperatures and pressures with and 

without inhibitors. The data include samples ranging from pure-hydrate formers such as 

methane, ethane, propane, carbon dioxide and hydrogen sulfide to binary, ternary, and 

natural gas mixtures. I used the Statistical Analysis Software (SAS) to find the best 

correlations among variables such as specific gravity and pseudoreduced pressure and 

temperature of gas mixtures, vapor pressure and liquid viscosity of water, and 

concentrations of electrolytes and thermodynamic inhibitors. 

 

These correlations are applicable to temperatures up to 90ºF and pressures up to 12,000 

psi. I tested the capability of the correlations for aqueous solutions containing electrolytes 

such as sodium, potassium, and calcium chlorides less than 20 wt% and inhibitors such as 

methanol less than 20 wt%, ethylene glycol, triethylene glycol, and glycerol less than 40 

wt%. The results show an average absolute percentage deviation of 15.93 in pressure and 

an average absolute temperature difference of 2.97ºF. 
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Portability and simplicity are other advantages of these correlations since they are 

applicable even with a simple calculator. The results are in excellent agreement with the 

experimental data in most cases and even better than the results from commercial 

simulators in some cases. These correlations provide guidelines to help users forecast 

gas-hydrate forming conditions for most systems of hydrate formers with and without 

inhibitors and to design remediation schemes such as: 

• Increasing the operating temperature by insulating the pipelines or applying heat. 

• Decreasing the operating pressure when possible. 

• Adding a required amount of appropriate inhibitor to reduce the hydrate-

formation temperature and/or increase the hydrate-formation pressure. 
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CHAPTER I 
 

INTRODUCTION 
 
 
Gas hydrates are ice-like crystalline structures with gas components such as methane and 

carbon dioxide as guest molecules entrapped into cavities formed by water molecules. 

Whenever a system of natural gas and water exists at specific conditions, especially at 

high pressure and low temperature, we expect the formation of hydrates. In the oil and 

gas industry, gas hydrates are a serious problem in production and gas-transmission 

pipelines because they plug pipelines and process equipment. By applying heat, 

insulating the pipelines, and using chemical additives as inhibitors, we can keep the 

operating conditions out of the hydrate-formation region.  

 

The most common inhibitors are thermodynamic inhibitors such as methanol and glycols; 

however, produced water that contains electrolytes also has inhibiting effects. To 

remediate problems caused by hydrates, it is important to calculate the gas-hydrate 

formation temperature and pressure accurately; this is more complex when the system 

includes alcohols and/or electrolytes. 

 

Hammerschmidt1 first found that the formation of clathrate hydrates could block natural 

gas-transport pipelines. Since then, the oil and gas industry has been more willing to 

investigate the problem. My work focuses on gas-hydrate formation in three-phase 

equilibrium (liquid water, hydrocarbon gas, and solid hydrate) with the objectives of 

developing a correlation to predict the gas-hydrate formation at a given temperature, a 

correlation to predict the gas-hydrate formation temperature when pressure is available, 

and guidelines to calibrate a thermodynamic model by analyzing sensitivity to selective 

parameters such as temperature- dependent adsorption constant. 

 

    

This thesis follows the style of SPE Reservoir Evaluation & Engineering. 
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It is not practical to measure the gas-hydrate formation pressure and temperature for 

every particular gas mixture. The main objective of this research is to develop 

correlations to predict these conditions with the least average absolute error. To approach 

that, I used over 1,100 experimental points2-18 among over 1,400 points gathered from 

published literature from 1940 till 2004. The removed points are those that either 

presented off-trend hydrate formation curves or those that contained high concentrations 

of inhibitors. The data include samples ranging from single-hydrate formers such as 

methane, carbon dioxide, ethane, propane, and hydrogen sulfide to binary, ternary, and 

natural gases in the presence of pure water, electrolytes and/or alcohols. Using the 

Statistical Analysis Software (SAS),19 I applied a regression model to find the best 

correlations among the variables, such as specific gravity and pseudoreduced pressure 

and temperature of gas mixtures, vapor pressure and liquid viscosity of water, and 

concentrations of electrolytes and thermodynamic inhibitors. 

 

I developed two correlations that are able to predict the hydrate formation pressure for a 

given temperature or hydrate formation temperature for a given pressure for a single or 

multicomponent gas mixture with and without electrolytes and/or thermodynamic 

inhibitors. These correlations are applicable to a range of temperatures up to 90ºF and 

pressures up to 12,000 psi.  The capability of the correlations has been tested for aqueous 

solutions containing electrolytes such as sodium, potassium, and calcium chlorides lower 

than 20 wt% and inhibitors such as methanol lower than 20 wt%, ethylene glycol (EG), 

triethylene glycol (TEG), and glycerol (GL) lower than 40 wt% since the use of higher 

amount of these inhibitors is not practical because is very costly.  The results show an 

average absolute percentage deviation of 15.93 in pressure and an average absolute 

temperature difference of 2.97ºF.  

 

To make the correlations easy to use, I programmed them with Visual Basic. By giving 

the gas compositions, the inhibitor concentrations, and either temperature or pressure of 

the system, a user can calculate the hydrate-formation pressure or temperature as quickly 

as clicking a key. 
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Gas-hydrate plugging is a challenging and costly problem in gas-gathering systems and 

transmission pipelines. Several models have been published in the literature, but not all of 

them are applicable for a complex system including gas-hydrate formers and mixed 

inhibitors. My correlations will provide guidelines to help the user forecast the gas-

hydrate formation pressure or temperature for a pure or mixed gas with and without 

inhibitors at a given temperature or pressure. They will also be able to determine the most 

appropriate inhibitor for the given system without the need of doing costly and time-

consuming experimental measurements. The advantage of these correlations is that they 

will not require sophisticated calculations or a computer; instead, they are applicable 

even with a simple calculator. The disadvantage of these correlations is that they may not 

be appropriate in some cases with high concentrations of inhibitors.  

 

Chapter II of this thesis gives general information about the phase equilibrium of forming 

hydrates and different types of determined hydrate structures, problems that they may 

cause in the oil and gas industry, and solutions that may prevent their formation. This 

chapter also reviews the literature in terms of experimental works, the available 

correlation methods, and finally the basis of calculating the hydrate-formation conditions 

from thermodynamic models. Chapter III explains the methodology for developing the 

proposed correlations including my observations from the experimental data, the 

regression variables that I used in this work, and an introduction to the new correlations 

that improved the estimation of hydrate-formation conditions in systems with and without 

inhibitors. Chapter IV includes the results of the regression models for both correlations; 

it also shows the comparisons of calculated results from this work with the experimental 

data, with a commonly used correlation, and with the results predicted by the PVTsim20 

simulator for several gas systems. Chapter V contains the conclusions from this work and 

from data observations.  

 

There are three appendixes that come separately in Excel files. Appendix A includes the 

experimental data gathered and used in this work. Appendix B contains a Visual Basic 

program that calculates hydrate-formation pressure at a given temperature and Appendix 
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C is a Visual Basic program that calculates hydrate-formation temperature at a given 

pressure. 
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CHAPTER II 
 

BACKGROUND 
 

 

2.1 Gas Hydrate Formation 

Gas hydrates are nonstoichiometric compounds formed from mixtures of water and gas 

molecules under suitable pressures and temperatures. Gas molecules with adequate size 

become guest molecules entrapped in the cavities of cages formed by water molecules 

acting as host molecules. Hydrates are also called clathrates, which in Latin means, 

“cage.” When a minimum number of cavities are occupied by the gas molecules, the 

crystalline structure stabilizes and solid gas hydrates may form at temperatures above the 

water freezing point. Most light molecules such as methane, ethane, propane, isobutane, 

normal butane, nitrogen, carbon dioxide, and hydrogen sulfide will form hydrates under 

specific conditions of pressure and temperature; however, several heavy hydrocarbons 

such as benzene, cyclopentane, cyclohexane, methylcyclopentane, methylcyclohexane, 

isopentane and 2,3-dimethylbutane have been recently identified as hydrate formers.21  

 

2.2 Hydrate Structures  

Von Stackelberg and Muller22 studied the hydrate structure using X-ray diffraction 

methods. Their work along with works by Classen23, 24 identified two hydrate structures, 

Structure I (SI) and Structure II (SII) that each has two types of cavities. The SI hydrates 

consist of 46 water molecules per eight cavities, two small spherical cavities with 12 

pentagonal faces (512) and six large oblate cavities with two hexagonal faces and 12 

pentagonal faces (51262).25 The SII hydrates consist of 136 water molecules per 32 

cavities, 16 small cavities with 12 pentagonal faces (512) and eight large cavities with 12 

pentagonal and four hexagonal faces (51264), all in a spherical shape. Fig. 2.1 shows these 

cavities.   
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Fig. 2.1—Cavities for hydrates of SI, SII, and SH.25 

 

 

From 1959 to 1967, Jeffrey, McMullan, and Mak26-28 studied crystallography on hydrates 

SI and SII. A summary of their experience showed that hydrates are “clathrates”. It is 

well known that small gas molecules such as CH4, C2H6, and CO2 form hydrate Structure 

I, but gas molecules with larger size such as C3H8 and i-C4H10 form hydrate Structure II. 

However, some of the small gas molecules like Ar and Kr form both hydrate structures.7  

 

Table 2.1 and Table 2.2 show the molecules that may enter hydrate cavities.   
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Table 2.1—COMPONENTS MAY ENTER CAVITIES OF HYDRATES SI AND SII20, 29 
Structure I Structure II Component 

Small 

Cavities 

Large 

Cavities 

Small 

Cavities 

Large 

Cavities 

C1 + + + + 

C2 _ + _ + 

C3 _ _ _ + 

nC4 _ _ _ + 

iC4 _ _ _ + 

CO2 + + + + 

N2 + + + + 

H2S + + + + 

O2 + + + + 

Ar + + + + 

2,2 Dimethylpropane _ _ _ + 

Cyclopropane  _ _ _ + 

Cyclohexane  _ _ _ + 

C6H6 _ _ _ + 

 

 

 

Table 2.2—COMPONENTS MAY ENTER CAVITIES OF HYDRATE SH20, 29 

Component Small/Medium Cavities Huge Cavities 

C1 + _ 

N2 + _ 

iC5 _ + 

Neohexane _ + 

2,3-Dimethylbutane _ + 

2,2,3-Trimethylbutane _ + 

3,3-Dimethylpentane _ + 

Methylcyclopentane _ + 

1,2- Dimethylcyclohexane _ + 

Cis-1,2- Dimethylcyclohexane _ + 

Ethylcyclopentane _ + 

Cyclooctane _ + 
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Ripmeester et al.30 discovered a third type of hydrate structure (Structure H). The 

formation of hydrate SH requires both small and large molecules to be stabilized. The 

hydrates with SH contain 34 water molecules per six cavities, three cavities formed by12 

pentagonal (512), two cavities formed by three square, six pentagonal, and three 

hexagonal faces (435663), and one large cavity formed by 12 pentagonal and eight 

hexagonal faces (51268).25  

 

Hydrate formation of type sH requires large gas molecules such as methylcyclopentane, 

which are generally found in gas-condensate and oil systems. My work focuses on 

Structure I and mostly Structure II, which are basically formed by natural gas. The 

structure type of hydrates does not affect the magnitude of flow blockage in wells or 

pipelines; however, most of the thermodynamic models consider the effects of the 

hydrate structures and the size of their cavities as we will see in Section 3.3. In this work, 

since none of the variables represent the hydrate structures in the regression model, the 

structure of hydrates has not been directly involved in the development of the new 

correlations; however, because components with different sizes form different types of 

hydrate structures, we assume that our correlations have accounted for the hydrate 

structure in their specific gravity and pseudoreduced temperature and pressure variables. 

  

Tohidi et al. measured the SII equilibrium data for benzene, cyclohexane, cyclopentane, 

and neopentane.31, 32 Becke et al.33 measured SH for methane+methylcyclohexane, and 

Ostergaard et al.34 for isopentane and 2,2-dimethylpentane in their binaries and ternaries 

with methane and/or nitrogen. Mehta and Sloan35 provided an overview of the state-of-the 

art on SH hydrates with an emphasis on its implications for the petroleum industry. 

 

2.3 Hydrate Phase Equilibrium 

Fig. 2.22,36 shows the hydrate equilibrium curve (I-H-V), (LW-H-V), (LW-H-LHC) for 

several components. The letters H, I, V, LW, and LHC represent hydrate, ice, hydrocarbon 

vapor, liquid water, and hydrocarbon liquid respectively. The lower quadruple point, Q1 

indicates the point at which the four-phase ice, liquid water, hydrocarbon vapor and 
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hydrate (I-LW-H-V) are in equilibrium. The temperature at this point approximates the ice 

point. 
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Fig. 2.2—Phase diagram for natural gas hydrocarbons which form hydrates (after 

McCain).36 
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The point Q2 is the upper quadruple point at which the four-phase water liquid, 

hydrocarbon liquid, hydrocarbon vapor, and hydrate (LW-LHC-V-H) are in equilibrium. 

The pressures and temperatures at the Q1Q2 line represent the conditions that three-phase 

liquid water, hydrocarbon vapor and hydrate are in equilibrium. Therefore, at the right 

side of this line no hydrates form; however, hydrates begin to form at this line and 

become more stable at a higher pressure and/or lower temperature. Since our objective in 

this work is to predict the incipient hydrate-formation pressure or temperature, all the 

experimental data gathered and used in developing the new correlations are those that 

represent the three-phase equilibrium line (LW-H-V).  

 

 2.4 Gas Hydrates and Problems in the Oil and Gas Industry 

Hammerschmidt1 determined that natural gas hydrates could block the gas transmission 

pipelines sometimes at temperature above the water freezing point. This discovery 

highlighted the importance of hydrates to the oil and gas industry and was an introduction 

to the modern research era.  

  

Gas hydrates are a very costly problem in petroleum exploration and production 

operations. Hydrate clathrates can plug gas gathering systems and transmission pipelines 

subsea and on the surface. In offshore explorations, the main concern is the multiphase 

transfer lines from the wellhead to the production platform where low seabed 

temperatures and high operation pressures promote the formation of gas hydrates. Fig. 

2.3 shows plugging of a subsea hydrocarbon pipeline because of hydrate formation.  
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Fig. 2.3—Formation of gas hydrate plugs a subsea hydrocarbon pipeline.25 

 

 

2.5 Ways to Prevent Hydrate Formation 

The following are the thermodynamic ways to prevent the hydrate formation:   

1. Reducing the water concentration from the system.  

2. Operating at temperatures above the hydrate-formation temperature for a given 

pressure by insulating the pipelines or applying heat. 

3. Operating at pressures below the hydrate-formation pressure for a fixed 

temperature. 

4. Adding inhibitors such as salts, methanol, and glycols to inhibit the hydrate-

formation conditions and shift the equilibrium curve to higher pressure and lower 

temperature. 

 

Inhibitors are added into processing lines to inhibit the formation of hydrates. There are 

two kinds of inhibitors: thermodynamic inhibitors and low-dosage inhibitors.37 The 

thermodynamic inhibitors have been used for long time in the industry and act as 
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antifreeze. The low-dosage inhibitors have recently been developed and their usage 

modifies the rheology of the system rather than changing its thermodynamic states. These 

inhibitors work at low concentrations, lower than or equal to 1 wt%; therefore, the use of 

this technique reduces the environmental concerns and since no regeneration units are 

required, it results in reduction of capital cost. The low-dosage inhibitors are divided into 

kinetic inhibitors and antiagglomerants. The kinetic inhibitors are commonly water-

soluble polymers delay the nucleation and growth of hydrate crystals, while the anti-

agglomerants are usually surfactants and miscible in both hydrocarbon and water, so they 

impede the agglomeration of hydrate crystals for a period of time without interfering with 

crystal formation.  

 

2.6 Experimental Work 

Ng and Robinson38 obtained experimental data on initial hydrate formation conditions for 

the nitrogen-propane-water system in the LW-H-V, LW-LHC-H, and LW-LHC-H-V regions, 

where LW is the water-rich liquid phase, LHC is the hydrocarbon rich liquid phase, H is the 

hydrate and V is the vapor phase. The measurements covered a range of temperatures 

from about 275 to 293ºK and pressures from about 0.3 to 17 MPa with the concentrations 

of propane from 0.94 to 75 mol% in the gas phase for the LW-H-V region, and from 83.1 

to 99 mole percent in the condensed liquid phase for the LW-LHC-H region. Ng and 

Robinson used these experimental data to fit a binary interaction parameter to predict 

hydrate formation in systems containing nitrogen and propane. Based on their proposed 

method, Ng and Robinson39 found the best value of the interaction parameter for 

nitrogen-propane mixtures to be 1.03, which is much higher than usual values (-0.5, 0.5). 

They reported that using this parameter will reduce the absolute average error from 15.3 

to 5.7% for predicting the hydrate-formation pressures at a given temperature in the LW-

H-V region. The importance of this parameter in this system becomes more significant as 

the concentration of propane in the gas phase becomes higher.  

 

Most of the experimental studies on gas hydrates have investigated systems in the 

presence of pure water but have lacked information on hydrate inhibition. Ng and 

Robinson11 studied the hydrate-forming conditions for pure gases, including methane, 
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ethane, propane, carbon dioxide, and hydrogen sulfide, and for selected binary mixtures 

in the presence of solutions up to 20 wt% methanol. This study was carried out in both 

the LW-H-V and the LW-H-LHC regions for all the mentioned hydrate formers, but for 

methane only in the LW-H-V region. The experimental measurements covered a range of 

pressures from about 0.8 to 20 MPa, temperature from -10 to 17ºC, and concentration of 

methanol from 5 to 20 wt%. Ng and Robinson11 used the results of these measurements to 

compare with the calculated values from the Hammerschmidt equation29 as we will see in 

Section 2.7.4. This equation calculates the difference between the temperature of a 

system in the presence of water and the temperature of system in an inhibitor solution. 

The difference between experimental and calculated hydrate-temperature depression from 

their experiment was less than 1ºC for CH4, C2H6, and C3H8 in the gaseous region and 

more than 1ºC in the region of liquid. This difference was more than 1ºC for CO2 in 

gaseous and liquid regions. The results show that the Hammerschmidt equation over-

estimates the hydrate-temperature depression for H2S in the gaseous region but provides 

estimates for this component than the other components in the liquid region.     

 

Inhibitors such as ethylene glycol, methanol, and electrolytes inhibit hydrate formation. It 

is important to determine the inhibition effects of these additives to avoid hydrate 

formation and select the best inhibitor for a given system and operating conditions. 

Bishnoi and Dholabhai40 obtained experimental hydrate equilibrium conditions for 

propane hydrate with single and mixed electrolytes. Their work included electrolytes 

such as NaCl, KCl, and CaCl2 at pressure and temperature ranges of 133 to 500 KPa and 

263 to 276ºK. The results of this work show that for the same concentrations of 

electrolytes (5 and 10 wt% in this case), sodium chloride has a greater inhibition effect 

than potassium and calcium chlorides. 

 

Bishnoi and Dholabhai5 obtained the hydrate-equilibrium conditions for a ternary mixture 

of methane (78 mol%), propane (2 mol%) and carbon dioxide (20 mol%) and a natural 

gas mixture in pure water and solutions containing methanol and electrolytes for a 

temperature range of 274 to 291ºK and a pressure range of 1.5 to 10.1 MPa. They 

observed systems that contain the same total wt% of the inhibitor, for example systems 
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with 10 wt% of either methanol or sodium chloride and 20 wt% of either methanol or 

sodium chloride, 15 wt% of methanol + 5 wt% of sodium chloride, and 5 wt% of 

methanol + 15 wt% of sodium chloride. For a given pressure, they reported that the 

incipient hydrate-equilibrium conditions for such systems are close to each other, within 

3 to 5ºC (Figs. 2.4 and 2.5); one can also conclude from these two figures that sodium 

chloride has higher inhibition potential than methanol with the same wt%, a result is 

more pronounced at higher pressures. Even in the presence of mixed inhibitors, the 

inhibitor with a higher wt% of sodium chloride is more effective than the one with higher 

wt% of methanol. 
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Fig. 2.4—Experimental hydrate equilibrium conditions for the ternary mixture.5 
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Fig. 2.5—Experimental hydrate equilibrium conditions for the natural gas mixture.5 

 

 

Fan et al.18 measured the hydrate-formation pressures of pure carbon dioxide in water, 10 

wt% methanol, and 10 wt% ethylene glycol (EG) solutions and concluded that the 

inhibition effect of EG is inferior to that of methanol, as indicated in Fig. 2.6. To 

compare the inhibition effects, they also determined the hydrate formation data for a 

carbon dioxide-rich quaternary gas mixture containing 88.53 mol% CO2, 6.83 mol% 

CH4, 4.26 mol% N2, and 0.38 mol% C2H6 in presence of 10 wt% EG and 10 wt% NaCl. 

The results show that the inhibition of EG is less effective (Fig. 2.7). 
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Fig. 2.6—Experimental hydrate equilibrium conditions for pure carbon dioxide in 

presence of pure water, 10.04 wt% EG, and 10 wt% methanol.18 
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Fig. 2.7—Experimental hydrate equilibrium conditions for a carbon dioxide-rich 

gas mixture in presence of pure water, 10.04 wt% EG, and 10 wt% NaCl.18 
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In another work, Ma et al.16 determined the initial hydrate formation data of pure 

ethylene, five binary gas mixtures of methane/ethylene, and four binary gas mixtures of 

methane/propylene for temperatures of 273.7 to 287.2ºK and pressures of 0.53 to 6.6 

MPa. The ethylene and propylene contents in the mixtures range from 7.13 to 100 mol% 

and 0.66 to 71.96 mol%. Their work showed that the model developed by Chen and Guo 

represented the measured data; however, my conclusion from the experimental results is 

that hydrates could form at higher pressure as the concentration of methane increased in 

the mixture. This means that at the same temperature, the lighter the gas specific gravity 

of the hydrate former, the higher the pressure at which hydrates form, as indicated in the 

literature.36 

 

Sometimes the processed water in pipelines contains electrolytes which also act as 

inhibitors. To establish the effect of mixtures of inhibitors on the locus of the three-phase 

equilibrium curve, Jager, Peters, and Sloan12 measured data on eight different mixtures of 

the quaternary system of methane/water/methanol/sodium chloride. They reported 16 

data points at a relative concentration of 2 and 4 mol% sodium chloride combined with 

10, 20, 30 and 40 wt% of methanol. Using two different experimental methods, they 

measured the incipient hydrate values for pressures from 2 to 14 MPa in a Cailletet 

apparatus and from 2 to 70 MPa in a Raman spectroscopy, which had not been used 

before to measure hydrate data in complex systems. The results from the two apparatus at 

10 MPa are consistent within 0.3 to 1ºK. They compared the data collected in their work 

with literature data for the ternary systems of methane/water/sodium chloride and 

methane/water/methanol and concluded that the mixtures of inhibitors (sodium chloride + 

methanol in this case) have a larger inhibition effect than the sum of the inhibition effect 

by each inhibitor; therefore, thermodynamic models must consider the interaction 

between electrolytes and methanol to predict hydrate inhibition correctly. 

 

2.7 Correlation Methods 

It is well known that Davy discovered hydrates in 1810 and his discovery was confirmed 

by Faraday in 1823;2 however, hydrates became a subject of study in the oil and gas 

industry after Hammerschmidt1 found that hydrates could plug natural gas pipelines and 
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process equipment. After Hammerschmidt’s discovery of hydrate blocking in 1934, Katz 

et al.41 started an experimental study on hydrates. Because it was impractical to measure 

the hydrate formation pressure and temperature for every gas compositions they 

estimated the hydrate formation conditions for natural gases using two approaches. Since 

these models were developed before discovery of the structure H hydrate, they are only 

able to predict the hydrate formation conditions for light hydrate formers that form 

Structure I and Structure II hydrates but not Structure H.  

 

2.7.1 The K-Value Method 

In the first approach, Wilcox et al.42, 43 initiated the −K Value method based on 

distribution coefficients ( iK  values) for components on a water-free basis. In the 

finalized method, they determined that hydrates were a solid solution that might be 

treated similarly to an ideal liquid solution and defined the value as the vapor/solid 

equilibrium ratio of a component in LW-H-V equilibrium by the following equation: 

 

ii
vs
i syK /= ,………………………………………………………………………......  (2.1)   

                                                                       

where =iy  mol fraction of component i  in the vapor phase and =is mol fraction of 

component i  in the solid phase. Therefore, similar to the dewpoint calculation in 

vapor/liquid equilibria, the −K Value charts are used to calculate the hydrate formation 

temperature or pressure of three-phase (LW-H-V) solution in a manner that satisfies the 

following equation: 

 

1
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i
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i

i

K
y

…………………………………………………………………………… (2.2)                                                                                                                      

 

The K-Value method was generated before determination of the hydrate-crystal structure 

and was improved by Katz and co-workers. The K-Value charts were generated for 

methane, ethane, propane, butane, carbon dioxide, hydrogen sulfide, and nitrogen. 

Having the K-Value of every component in the mixture at three-phase (LW-H-V) 
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equilibrium, users could determine the hydrate-formation pressure at a given temperature 

or vice versa. This method is limited to the hydrate-formation pressures up to 4,000 psia 

for methane, ethane, and propane; up to 2,000 psia for isobutane and hydrogen sulfide; 

and up to 1,000 psia for carbon dioxide.   

 

2.7.2 The Gas Gravity Method 

In a different approach, Katz and his students2, 43 generated the gas-gravity plot (Fig. 2.8) 

that relates the hydrate pressure and temperature with the specific gravity (gas molecular 

weight divided by that of air) of natural gases, not including non-hydrocarbons. This plot 

was generated from limited experimental data from Deaton and Frost, Wilcox et al., 

Kobayashi and Katz and significant calculations based on the K-Value method.2  

 

This method is simple and may be used for an initial estimation of hydrate formation 

conditions. Elgibaly and Elkamel44 have mentioned in their paper that Sloan showed in a 

statistical analysis report that this method is not accurate and that the calculated pressure 

for the same gas gravity with different mixtures may result in 50% error. Since method 

considers only the gas gravity of the components, if two components have equal 

molecular weights such as butane and isobutene, the method may estimate the same 

hydrate-formation temperature or pressure, although they should be different in reality. I 

have shown on page 34 the experimental data for two binary gases with the same gas 

specific gravity in the same range of temperature that form hydrates at a very different 

range of pressure. 

 

For three-phase (LW-H-V) conditions, Kobayashi et al.43 developed an empirical equation 

that predicts the hydrate temperatures at given pressures for systems including only 

hydrocarbons in limited range of temperatures, pressures, and gas specific gravities. I 

have compared the calculated results from Kobayashi et al. with the calculated results 

from our new correlation in Chapter IV. 
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Fig. 2.8—Initial hydrate-formation estimation for natural gases based on gas gravity 

(after McCain).36 

 

 

2.7.3 Kobayashi et al. Method  

Kobayashi et al.43 developed Eq. 2.3 on the basis of the gas-gravity plot to estimate the 

hydrate-formation temperature at a given pressure. The reference did not give the units 

for temperature and pressure; therefore, I had to try different combinations of units for 

temperature and pressure to find the units that best predicted the temperature of the 

experimental data. I found that by having pressure in bar and temperature in ºC, the 

Kobayashi et al. correlation would have the best results with experimental data.  
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This method is a regression method that correlates temperature (T ), pressure ( p ), and 

gas specific gravity (γ ) at three-phase equilibrium. The equation is applicable in the 

temperature range of 34 to 60ºF, the pressure range of 65 to 1,500 psia, and gas gravity 

range from 0.552 to 0.9. The three-phase condition was fit only for hydrocarbons and not 

gases containing CO2 and H2S. Table 2.3 shows the coefficients for this correlation. 

 
 
 

Table 2.3—COEFFICIENTS FOR CALCULATING THE HYDRATE-FORMATION 
TEMPERATURE FROM EQUATION 2.343  

3
1 107707715.2 −×=c  3

2 10782238.2 −×−=c  4
3 10649288.5 −×−=c  

3
4 10298593.1 −×−c  3

5 10407119.1 −×=c  4
6 10785744.1 −×=c  

3
7 10130284.1 −×=c  4

8 109728235.5 −×=c  4
9 103279181.2 −×−=c  

5
10 106840758.2 −×−=c  3

11 106610555.4 −×=c  4
12 105542412.5 −×=c  

5
13 104727765.1 −×−=c  5

14 103938082.1 −×=c  6
15 104885010.1 −×=c  

 

 

 

2.7.4 Hammerschmidt Method                                                                                     

Hammerschmidt2, 29 proposed an empirical equation to calculate the effect of alcohols on 

hydrate formation; however, his work includes no experimental data on the effect of 

inhibitors added to the water and it cannot be used unless the hydrate-formation 

conditions in the presence of pure water have been determined. 

 

)100( jjj

jj

MxM

xk
T

×−×
=∆ ......................................................................................... (2.4)

      

 The following are the values of constant k  for different inhibitors29:  
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335,2=k  for methanol. 

700,2=k  for ethylene glycol. 

400,5=k  for triethylene glycol. 

 

T∆ is the difference in ºC between the hydrate-formation temperatures in the presence of 

pure water and in a methanol solution, jM  is the molecular weight of the inhibitor j , 

and jx  is the concentration of inhibitor j  in weight percent.  

 
 
2.8 Thermodynamic Methods 

Parrish and Prausnitz45 developed the first thermodynamic model for calculating hydrate-

formation conditions based on a statistical method by van der Waals and Platteeuw. Du 

and Guo10 developed a model to predict the hydrate-formation conditions for systems 

including alcohol solutions. The model by Javanmardi and Moshfeghian4 can predict the 

hydrate-formation conditions for systems including electrolyte solutions. If the system 

includes electrolytes and alcohol, the model by Nasrifar et al.8 and the model by Nasrifar 

and Moshfeghian3 can be used to predict the hydrate formation conditions.  

 

The transformation from a pure-water state to a hydrate state can be considered in two 

steps:  

 

),( lattice hydrate filled  )( lattice hydrateempty  2)
  and ),( lattice hydrateempty   )( water pure 1)

H

aq

→
→

β
β

 

 

where aq  indicates the state of pure water, H  the filled hydrate lattice, and β  indicates 

the empty hydrate lattice, which is hypothetical but used to facilitate the hydrate 

calculations.  

 

In a system at three-phase equilibrium of vapor/hydrate/aqueous, the chemical potential 

of water in hydrate and aqueous phases is equal and can be expressed as: 
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Haq µµ = …………………………………………………………………………….  (2.5)                                                                                                                    
If βµ is the indication of the hypothetical empty-hydrate phase, then Eq. 2.5 can be 

written as: 

 
Haq µµ ∆=∆ ,………………………………………………………………………....  (2.6)  

                                                                                                                     
 where aqaq µµµ β −=∆ and HH µµµ β −=∆  . 
 
The term of aqµ∆ at a given temperature and pressure has been defined by Holder et al.46 
as: 
 

WW

T

T Wooo
aq apRTVdTRTHRTpTRT

o

ln)/()/(/)atm 0,(/ 2 −∆+∆−=∆=∆ �µµ ....  (2.7) 

   
T and p are hydrate-formation temperature and pressure, oT  indicates the reference 

temperature, 273.15º K , R is the universal gas constant, and Wa  is the water activity in 

the aqueous phase. The term of WV∆  is molar volume associated with transition and 

WH∆  (molar enthalpy difference) is independent of pressure and is defined by: 

 

dTCHH
T

T poW
o
� ∆+∆=∆ ………………………………………………………….....  (2.8) 

                                                                                  

The term pC∆  is a function of temperature and is given by: 
 
 

)( op TTbaC −+=∆ ..................................................................................................  (2.9) 
  
                                                                                                    
The values of the constants needed for calculation of aqµ∆  are given in Table 2.4.    
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TABLE 2.4—CONSTANTS USED FOR EVALUATING EQUATION 2.720, 29 

Property Unit Structure I Structure II 

)(liqoµ∆  J/mol 1264 883 

)(liqH o∆  J/mol -4858 -5201 

)(iceH o∆  J/mol 1151 808 

)(liqVo∆  Cm3/mol 4.6 5.0 

)(iceVo∆  Cm3/mol 3.0 3.4 

)(liqC p∆  J/mol/K 39.16 39.16 

 

 

 

The chemical potential difference of water in the empty and the filled hydrate lattice was 

derived by van der Waals and Platteeuw47 as follows: 

 

)1ln( ji
j

j
i

i
H CfnRT �� −=∆µ ,...............................................................................  (2.10)  

                                                                                  

where in  is the number of cavities of type i  per water molecules, and jf  is fugacity of 

the component j  in the gas phase and is determined by an equation of state, EOS. The 

parameter jiC  is the Langmuir adsorption constant, a function of temperature and specific 

for the cavity of type i  and for component j .   

 

)/exp(/ TBTAC ji = .................................................................................................  (2.11)         

                                                              

Constants A and B are unique for each component j  that is capable of entering into a 

cavity of type i  and must be determined from experimental data. These parameters are 

specific for the selected EOS and according to PVTsim,20 for Structures I and II are 

mostly calculated by Munck et al.,20 Rasmussen and Pederson,20 and for Structure H by 

Madsen et al.20 
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Table 2.5 and Table 2.6 give the values of the A  and B parameters used in PVTsim.20  

 

 

TABLE 2.5—THE A AND B PARAMETERS FOR CALCULATING THE LANGMUIR 

CONSTANTS (SI & SII)20 

Small Cavity Large Cavity Gas Structure 

(K/atm)
10A 3×

 
(K)
B 

 
(K/atm)

10A 3×
 

(K)
B 

 

I 0.7228 3187 23.35 2653 
C1 

II 0.2207 3453 100 1916 

I 0 0 3.039 3861 
C2 

II 0 0 240 2967 

C3 II 0 0 5.455 4638 

iC4 II 0 0 189.3 3800 

nC4 II 0 0 30.51 3699 

I 1.671 2905 6.078 2431 
N2 

II 0.1742 3082 18 1728 

I 0.00588 5410 3.36 3202 
CO2 

II 0.0846 3602 846 2030 

I 10.06 2999 16.34 3737 
H2S 

II 0.065 4613 252.3 2920 

I 17.4 2289 57.7 1935 
O2 

II 14.4 2383 154 1519 

I 25.8 2227 75.4 1918 
Ar 

II 21.9 2315 1866 1539 
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TABLE 2.6—THE A AND B PARAMETERS FOR CALCULATING THE LANGMUIR 

CONSTANTS (SH)20 

Small Cavity Large Cavity Compound 

)K/atm(
10A 3×

 
(K)
B 

 
K/atm)(

10A 3×
 

(K)
B 

 

C1 410800.2 −×
 

3390    

N2 510336.1 −×
 

3795    

iC5   410661.1 ×
 

1699  

Neohexane   310627.1 ×
 

3175  

2,3-Dimethylbutane   210747.1 ×
 

3608  

2,2,3-Trimethylbutane   810066.8 ×
 

39−  

3,3-Dimethylpentane   310826.2 ×
 

3183  

Methylcyclopentane   110420.6 ×
 

4024  

1,2- Dimethylcyclohexane   110912.3 ×
 

5050  

Cis-1,2-

Dimethylcyclohexane 

  310826.1 ×
 

3604  

Ethylcyclopentane   210332.1 ×
 

4207  

Cyclooctane   310647.1 ×
 

4135  

 

 

 

Replacing Eqs. 2.7 and 2.10 in Eq. 2.6 results in the following equation: 
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After calculating the water activity Wa  from one of the equations derived by Javanmardi 

and Moshfeghian4 or Nasrifar and Moshfeghian,3, 8 Eq. 2.12 can be used to calculate the 

gas hydrate-formation temperature for a given pressure or gas hydrate pressure at a given 

temperature for a system containing aqueous electrolytes only or in the presence of both 

electrolytes and alcohol.  

 

2.9 Equations of State (EOS) 

An equation of state (EOS) relates the pressure (p), temperature (T), and volume (V) of a 

given system mathematically and is a tool that can predict the phase behavior and the 

volumetric properties of fluids. In hydrate prediction, an EOS can be used to determine 

the fugacity of each component in the gas phase (Eq. 2.10). Section 4.4 will discuss 

fugacity and its calculation using an EOS in more detail. Several EOS are available in the 

literature and each is useful for different applications. Cubic EOSes, the most commonly 

used in petroleum engineering, are cubic polynomials in volume. They are explicit in 

pressure and can be written as a sum of repulsion and attraction terms. 

  

attractionrepulsion ppp += ................................................................................................  (2.13) 

                                                                                                   

The following equation has been defined by Soave-Redlich-Kwong (SRK)48: 

 

)(
)(
bVV

Ta
bV

RT
p

+
−

−
= ,...............................................................................................  (2.14)                                                                                  

 

where , ,, VpT and R are the temperature, pressure, molar volume, and universal gas 

constant. The EOS parameters, a andb , have different values depending on the EOS; for 

a pure component, they are evaluated at the critical temperature using the following two 

equations: 
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∂
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.................................................................................................................  (2.15)                                                                                       

0)( 2

2

=
∂
∂

cTV
p

...............................................................................................................  (2.16)                                                                                                                 

 

For component i , the parameter a  at the critical point and parameter b  are defined by: 

 

ci

ci

aci P

TR
a

22

Ω= ,.........................................................................................................  (2.17)  

and                                                                                                            

ci

ci
bi P

RT
b Ω= ,.............................................................................................................  (2.18)                                                                                                                

 

with 42748.0=Ωa and 08664.0=Ωb . 

 

The parameter a is a function of temperature and can be defined as: 

 

)()( TaTa icii α= ,.......................................................................................................  (2.19)    

                                                                                                        

where 2)]1(1[)( ri TmT −+=α ................................................................................  (2.20)  

                                                                                 

The term rT  is the reduced temperature (temperature divided by critical temperature) and 

m  is given by: 

 
2176.0574.1480.0 iiim ωω −+= ................................................................................  (2.21)                                                                                  

 

At the critical temperature, the right-hand side of the Eq. 2.20 is equal to 1 and 

consequently, in Eq. 2.19, ia )(T  will be equal to cia . In Eq. 2.21 iω is the acentric factor 

and defined by Pitzer49:  
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1)7.0Tat (log ri −=−= v
rii pω ,...................................................................................  (2.22)    

                                                                                  
v
rip  is the reduced vapor pressure of component i ( cipp / ). 

 

The parameters a and b for mixtures can be determined from the following mixing rules: 

 

)1()( 5.0
ijjij

i j
iM Kaazza −=�� ,..............................................................................  (2.23)  

and                                                                                 

 

i
i

iM bzb �= ,..............................................................................................................  (2.24)   

                                                                                                                

where iz and jz represent the mole fractions of components i  and j  in the mixture and  

ijK  is the binary interaction coefficient between those components. 
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CHAPTER III 

METHODOLOGY 
 
 

3.1 Data Collection 

In this research, I gathered over 1,400 data point at the three-phase equilibrium of 

different gas systems and used over 1,100 of them. The points that have not been 

considered in this development are mostly the points with high concentrations of 

inhibitors. For example, I removed those samples with electrolyte and methanol 

concentrations equal to or higher than 20 wt%, because adding inhibitors with higher 

concentrations is neither practical nor economic. I collected the data from Sloan2 and 

literature published from 19402-18 to 2004. My collection included data from pure 

components such as methane, carbon dioxide, ethane, propane, and hydrogen sulfide to 

natural gas systems in the presence of pure water, electrolytes and/or alcohols. A total of 

12 hydrocarbons, three nonhydrocarbons, three electrolytes, and four thermodynamic 

inhibitors were involved in this development.  

 

I used Marisoft Digitizer50 software to translate data presented in graphic form only to 

tabulated data. To do this, I provided a JPEG file of those data reported in graphs, then by 

opening the file in Marisoft Digitizer environment and selecting the ranges for both X 

and Y axes, pointed on each experimental data point and transferred the digitized points 

to an Excel file. To have the temperature and pressure for all data in the same units, I 

converted all the different units of temperatures to ºF and all the different units of 

pressures to psi, because these units are commonly used in the industry. 

 

In this work, I used the Statistical Analysis Software (SAS)19 to find the best correlations 

among the variables, such as gas specific gravity and pseudoreduced pressure and 

temperature of gas mixtures, vapor pressure and liquid viscosity of water, and 

concentrations of electrolytes and thermodynamic inhibitors. Because of large number of 

independent variables, particularly hydrocarbons and nonhydrocarbons (15 components), 

I reduced those to only three variables, pseudoreduced temperature and pressure and gas 
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specific gravity, to represent all the gas components. The observations from the data 

gathered in this work show that in systems without inhibitors the gases with lower 

specific gravity form hydrates at higher pressure or lower temperature; these observations 

also show that the inclusion of some components such as propane, isobutene, and 

nitrogen causes different behavior for these systems. Taking into account all of these 

observations, I considered the use of specific gravity and pseudoreduced temperature and 

pressure as regression variables for developing these correlations.  

 

The other regression variables, vapor pressure and liquid viscosity of water (especially 

water vapor pressure), were helpful in modeling the p-correlation, because the plot of 

vapor pressure of water versus temperature has the same shape as that for hydrate 

pressure versus temperature. Since the hydrate-formation process is considered to be a 

physical rather than a chemical process36 (the guest molecules can rotate within the void 

spaces and no strong chemical bonds are formed between the hydrocarbon and water 

molecules), and because water is the most important element in this process, the physical 

properties of water such as liquid water viscosity at equilibrium could contribute to 

allowing the gas molecule to enter the void space as a guest.  

 

The data include about 250 samples from pure components to binary, ternary and 

mixtures of gases in the presence of pure water, single and mixed inhibitors. The 

concentration ranges of each gas component and inhibitor along with the ranges of 

specific gravity, pressure, and temperature are summarized in Table 3.1.   
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 TABLE 3.1—RANGE OF DIFFERENT INDEPENDENT VARIABLES FOR 1,104 

DATA POINTS 

Variable Mean Minimum Maximum 

C1 66.59 0 100 

C2 4.98 0 100 

C3 3.33 0 100 

i-C4 0.50 0 63.60 

nC4 0.38 0 5.82 

i-C5 0.004 0 0.20 

nC5 0.045 0 1.01 

nC6 0.005 0 0.25 

nC7 0.001 0 0.10 

nC8 0.0006 0 0.05 

CO2 18.66 0 100 

N2 3.45 0 89.20 

H2S 1.07 0 100 

C2H4 0.92 0 94.40 

C3H6 0.04 0 7.60 

NaCl 1.98 0 17.17 

KCl 0.53 0 15 

CaCl2 0.53 0 15.03 

CH3OH 1.81 0 19.99 

Ethylene Glycol 0.69 0 30 

Triethylene Glycol 0.16 0 20.20 

Glycerol 0.43 0 30 

Temperature, ºF 46.33 10.29 89.33 

Pressure, psi 1448.42 9.86 11240.42 

Gas Specific 

Gravity )1( =airγ  
0.829 0.5531 1.52 

 

 

3.2 Data Observations 

By screening the experimental data, I made some interesting observations. For example, 

for systems without inhibitors and at the same temperature, a system with lighter gas 

specific gravity usually forms hydrates at a higher pressure; this is consistent with the 
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results in the literature. However, that is not always the case and some of the data do not 

follow this pattern. By screening the experimental data and inspecting the compositions, I 

learned that some components have significant effects on the hydrate-formation pressure 

or temperature. For example, propane and isobutane will decrease the hydrate-formation 

pressure dramatically; however, nitrogen will increase it and act like an inhibitor.  

 

Table 3.2 shows how the binaries of methane with propane, isobutane, or nitrogen 

decrease or increase the hydrate formation pressures at the same temperature for systems 

without inhibitors.  

 

 

TABLE 3.2—EFFECTS OF GAS COMPOSITIONS ON HYDRATE-FORMATION PRESSURE IN 

SYSTEMS WITHOUT INHIBITORS 

Gas Compounds Composition 

(mol%) 

Hydrate 

Formation 

Temperature (ºF) 

Hydrate 

Formation 

Pressure (psi) 

Gas Specific 

Gravity 

C1 100 39.11 552.59 0.5531 

C1 

C3 

37.10 

62.90 
39.11 60.77 1.16172 

C1 

N2 

27.20 

72.80 
39.11 1473.58 0.85359 

C1 100 39.29 565.65 0.5531 

C1 

iC4 

71.4 

28.6 
39.29 51.63 0.9681 

C1 

N2 

50.25 

49.75 
39.29 889.08 0.75845 

C1 

N2 

10.80 

89.20 
39.29 2300.30 0.92128 
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This table shows that at 39.11ºF, pure methane with specific gravity of 0.5531 forms 

hydrate at a pressure of 552.59 psi. At the same temperature for a binary of methane and 

nitrogen with higher specific gravity (0.85359), we expect hydrates to form at lower 

pressure, but the pressure is acually1473.58 psi, which is higher than for the case of pure 

methane. This indicates that the hydrate-formation pressure does not always correlate 

negatively with specific gravity, and the presence of some components such as nitrogen 

in a mixture increases the hydrate-formation pressure. 

     

Another example shows two binary systems of 97.50 mol% C1 + 2.5 mol% i-C4 and 97.50 

mol% C1 + 2.5 mol% nC4, which both have the same gas specific gravity of 0.589, but the 

first binary will form hydrates at much lower pressures in a temperature range of 37.85 to 

55.85ºF. Fig. 3.1 compares the hydrate-formation pressures for these systems. Although 

these two binary systems have the same molecular weight, they behave differently 

because the presence of some components such as isobutane in a mixture decreases the 

hydrate-formation pressure. Therefore, two systems with equal gas specific gravities do 

not necessarily form hydrates at equal pressures, but the presence of some components in 

a mixture has a very significant effect on determining the hydrate-formation pressure or 

temperature.  

 

Experimental Hydrate Formation Data
Comparison Between Binary of CH4 with iC4 and nC4  
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Fig. 3.1—Hydrate-formation pressure for binaries of CH4 with iC4 and nC4.2 
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3.3 Comments on Data 

1. Since Hammerschmidt discovered in 1934 that hydrates plug pipelines, a number 

of experiments have been done by different researchers; and less data have been 

measured in recent years than before. In addition, there are more data in the 

literature for the systems in the presence of pure water than with inhibitors.  

2. I observed compositions in some data sets that did not total 100 mol%. People 

have used these data over and over to develop their predictive models or have 

reported them in their books and papers without noting that. For these types of 

data sets, I preferred to make up the deficiency of the compositions by adding to 

the methane mol% to normalize the compositions. I did that because in a natural 

gas methane usually has the highest fraction and adding one or two more mol% to 

methane does not affect the predicted results for hydrate-formation conditions.  

3. Substantial existing data are the hydrate-formation conditions for gas systems that 

never or rarely exist in reality, such as pure hydrogen sulfide, pure propane, or 

pure ethane.     

4. The experimental data reported in the literature, either graphically or digitized, 

have different units for temperature and pressure; to use these data I used digitizer 

software to translate those reported in graphs to tables and then to have the same 

units for all data I converted the different units to field units, ºF for temperature 

and psi for pressure.  

 

3.4 Regression Variables 

The following equations show the calculation of the regression variables for developing 

the proposed correlations. 

 

3.4.1 Pseudoreduced Temperature and Pressure 

As we learned from the observation of experimental data, the gas compositions play an 

important role in determination of hydrate-formation pressure or temperature. By 

calculating the pseudoreduced temperature and pressure, we can take into account the 

effect of each component in the mixture. The pseudoreduced temperature and pressure 
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are defined as temperature or pressure of a system divided by pseudocritical temperature 

or pressure of the mixture of gas:    

 

 

pcpr TTT /= ,.................................................................................................................  (3.1)  

and 

pcpr ppp /= ,...............................................................................................................  (3.2)                                

 

where prT  and prp are the pseudoreduced temperature and pressure, and pcT  and pcp  are 

the pseudocritical temperature and pressure of gas mixtures.  

 

To calculate pcT  and pcp  , I used the mixing rules of Piper et al.51 as follows: 

 

J
K

Tpc

2

= ,.....................................................................................................................  (3.3)  

and 

J

T
p pc

pc = ,....................................................................................................................  (3.4)                                  

 

where J and K  are defined by: 
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βββ ,................................................................  (3.6)                                                                   

 

where yi is the mole fraction of nonhydrocarbon, yj is the mole fraction of hydrocarbon 

components, 40 αα − and 40 ββ − are constants as given in Table 3.3. 
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TABLE 3.3—VALUES OF CONSTANTS αααα AND ββββ FOR 

CALCULATING J AND K51    

i ααααi    ββββi    

0 2102073.5 −×  1109741.3 −×−  

1 0100160.1 ×  0100503.1 ×  

2 1106961.8 −×  1106592.9 −×  

3 1102646.7 −×  1108569.7 −×  

4 1105101.8 −×  1108211.9 −×  

 

 

The range of data for the mixing rules is summarized in Table 3.4. 

 

 

 
TABLE 3.4—RANGE OF DATA FOR DEVELOPING THE MIXING RULES51 

Variable Mean Minimum Maximum 

H2S 2.45 0.00 51.37 

CO2 3.38 0.00 67.16 

N2 1.87 0.00 15.68 

C1 71.15 19.37 94.73 

C2 8.21 2.30 18.40 

C3 4.04 0.06 12.74 

iC4 0.90 0.00 2.60 

C4 1.55 0.00 6.04 

iC5 0.64 0.00 2.24 

C5 0.88 0.00 3.92 

C6 0.65 0.00 4.78 

Temperature, ºF 243.8 78 326 

Pressure, psia 3758.6 514 12814 

Gas Specific Gravity 

)1( =airγ  
0.972 0.613 1.821 
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3.4.2 Gas Specific Gravity 

The specific gravity of the gas mixture is expressed as the molecular weight of the gas 

mixture divided by the molecular weight of air and is given by:   

 

air

i
i

MW

MW�
=

iy
γ ,............................................................................................................  (3.7)  

                                                                                                             

where iMW  and iy  are the molecular weight and mole fraction of component i  in the 

mixture, and γ  is the specific gravity of the mixture of gas. 

 

3.4.3 Water Vapor Pressure 

The vapor pressure measures the ability of molecules to escape from the surface of a 

solid or liquid. A common equation to estimate the vapor pressure of a component (in this 

case, water) is given by52: 

 
2

1010 log/)(plog TeTdTcTba v
w

v
w

v
w

v
w

v
w

v
w ++++= ,......................................................  (3.8)                                                                                                     

 

where T  is the temperature of the system in ºK, v
wp  is the vapor pressure of water in 

mmHg (must be converted to psi when used in Eq. 3.10) and v
wa , v

wb , v
wc , v

wd , and v
we  are 

constants which for water at these units specified as follows: 

 

8605.29=v
wa  

3101522.3 ×−=v
wb  

3037.7−=v
wc  

9104247.2 −×=v
wd  

6108090.1 −×=v
we  

 

This equation is valid for the range of temperature from 273.16 to 647.13ºK. 
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3.4.4 Liquid Water Viscosity 

The viscosity measures the resistance of a substance to flow. Viscosity is affected by both 

temperature and pressure; for example, it decreases as temperature increases or pressure 

decreases. The following equation calculates the viscosity of liquid (in this case, water)52:  

 
2

10 /)(log TdTcTba l
w

l
w

l
w

l
w

l
w +++=µ ,........................................................................  (3.9)                                                                                                         

 

where T  is the temperature of the system in Kelvin, ºK, l
wµ  is the viscosity of liquid 

water in centipoise, cp and l
wa , l

wb , l
wc , and l

wd  are constants which for water at these 

units are as follows: 

2158.10−=l
wa  

3107925.1 ×=l
wb  

2107730.1 −×=l
wc  

5102631.1 −×−=l
wd  

This equation is valid for the range of temperature from 273 to 643ºK.  

 

3.5 Hydrate-Formation Pressure Correlation 

I applied a regression model in SAS19 software to find the best relationships among the 

above mentioned regression variables. Eq. 3.10 is the result of this regression, the p-

correlation, which predicts the hydrate-formation pressure at a given temperature: 
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where Tpr and ppr are the pseudoreduced temperature and pressure, γ  is the specific 

gravity of the gas.  The variable ix  indicates concentration of electrolytes such as sodium 

chloride (NaCl), potassium chloride (KCl), or calcium chloride (CaCl2), and the 

variable jx  indicates concentration of thermodynamic inhibitors such as methanol, 

ethylene glycol, triethylene glycol, or glycerol, and both are expressed in weight percent. 

The variables v
wp  and l

wµ  are the water vapor pressure and liquid water viscosity, and a0 

to a17 are the coefficients of this correlation. 

 

3.6 Hydrate-Formation Temperature Correlation 

The following equation is the result of regression, the T-correlation, which predicts the 

hydrate-formation temperature when a pressure is given:                                                                                           

                                                                                                                             

(3.11)  ...............................................,.........)(ln)(ln]/)[(ln

]/)[(ln]/)[(ln]/)[(ln]))(ln[(ln)])(ln[(ln

]/)[()])([()(

)])(100[()(]/)[(]/)[()(lnln

2
1615

4
14

3
13

2
1211

4
109

6
43822272226

3
5

2
4

2
3

2
2

2
10

prpr

iCCNSHCO
j j

j
NSHCO

i
i

j j

j

i i

i
pr

pbpbpb

pbpbpbpbpb

xxbxxx
M

x
bxxxb

xbb
M

x
b

M
x

bpbbT

+++

+++++

++++++++

−+++++=

�

���

γ

γγγγγ

γ

γγγγ

 

 

where constants b0 to b16 are the coefficients of this correlation. The values of coefficients 

0a  to 17a  and 0b  to 16b  are given in Table 3.5. 
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TABLE 3.5—VALUES OF CONSTANTS FOR HYDRATE-FORMATION p AND T 

CORRELATIONS 

i ai Standard Error bi Standard Error 

0 010924729.2 ×−  210031.8 −×  0101113797464.3 ×
 

210319.2 −×  

1 010069408.7 ×  110424.3 −×  210121811.6 −×−  4104841.5 −×  

2 11071674.6 −×−  21015.8 −×  2104581592.3 −×−
 

3103.1 −×  

3 010158912.2 ×  1100819.3 −×  2102257841.2 −×−
 

31006.1 −×  

4 2104446.1 −×−  3106.1 −×  11061387206.1 −×−
 

3105.9 −×  

5 010367516.3 ×  210032.9 −×  410644864.4 −×  510249.3 −×  

6 11068816.1 −×−  210947.3 −×  3100870675.6 −×  510101.2 −×  

7 1103213962.1 ×  1100521.3 −×  4109726.4 −×−  51062.4 −×  

8 010365031.2 ×  1104994.3 −×  410682281.1 −×  510282.1 −×  

9 2105796.2 −×−  31041.3 −×  11093610096.1 −×−
 

31068.5 −×  

10 010461102.2 ×  1103531.2 −×  410963793.1 −×  61061.8 −×  

11 010100059.7 ×−  01050553.1 ×  110324677497.1 −×
 

2101.1 −×  

12 010820312.1 ×  1106222.1 −×  2108512137.7 −×−
 

31003.4 −×  

13 010517561.7 ×  1108072.6 −×  310232805.9 −×  4109397.4 −×  

14 2108793.1 −×−  4101908.9 −×  41032276.2 −×−  510148.2 −×  

15 2109029.1 −×  31078.2 −×  110054836679.8 −×
 

31098.3 −×  

16 310307.5 −×−  4108911.8 −×  3103403148.6 −×  31004.1 −×  

17 2102564.3 −×−  31044.5 −×    
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CHAPTER IV 

RESULTS AND DISCUSSION 

 
Using the statistical analysis software (SAS),19 I applied a regression model for 1,104 

experimental data points to find the best correlations among the variables. The data points 

include different samples from pure hydrocarbon and nonhydrocarbon components to gas 

mixtures. As can be seen from Table 3.1, besides temperature and pressure, 15 gas 

components, 3 electrolytes, and 4 thermodynamic inhibitors have entered the regression 

as independent variables. Section 3.3 included the calculations of the variables included 

in this regression. To check the accuracy of the correlations and compare the predicted 

results with the experimental data, I applied a statistical error analysis for both 

correlations. 

 

4.1 Predicted Results Versus Experimental 

Figs. 4.1 and 4.2 show the calculated results versus experimental for 1,104 data points. 

Using the following equation, the average absolute percentage error on pressure (paae) 

measures the statistical error for the p-correlation of 15.93 with the R2 equal of 0.968: 

 

( ) ( ) ( ).exp/.exp.cal
100

aae ppp
n

p
n

i
ii� −�

�

�
�
�

�= ,..............................................................  (4.1)  

 

The average of absolute temperature difference (Taad) measures the statistical error from 

the following equation for the T-correlation of 2.97ºF with the R2 equal of 0.999: 

 

( ) ( ) nTTT
n

i
ii /.exp.calaad � −= ,...................................................................................  (4.2)                                                                  

 

 where n is the total number of the data points that have been used in developing the two 

correlations.   
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Fig. 4.1—Comparison of experimental and calculated values of hydrate-formation 

pressure (number of data points: 1,104, R2= 0.968, paae = 15.93). 
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Fig. 4.2—Comparison of experimental and calculated values of hydrate-formation 

temperature (number of data points: 1,104, R2= 0.999, Taad = 2.97). 
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Figs. 4.3 through 4.5 show the calculated hydrate-formation pressure from pressure 

correlation versus the experimental. Methane has been chosen for this comparison since it 

is a key component of any natural gas mixtures, and hydrates of methane are the most 

commonly found hydrates. Fig. 4.3 shows an excellent agreement between the calculated 

hydrate-formation pressure and experimental data except a little deviation for the system 

of gas and electrolytes, which occurs only at high pressures. Figs. 4.4 and 4.5 compare 

the calculated and experimental hydrate-formation pressure for two natural gas mixtures 

with the same components. In Fig. 4.4 where the gas mixture contains small 

concentrations of propane and nitrogen, the predicted results represent the experimental 

perfectly; however, Fig 4.5 shows slight deviation for predicted results from experimental 

data when the mixture contains higher fractions of these two components.  
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Fig. 4.3—Comparison of experimental and calculated results of hydrate-formation 

pressure from p-correlation for pure methane.  
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C1=87.9, CO2=0.2, N2=1.1, C2=4.4, C3=4.9, nC4=1.5 (mol%)
(Without Inhibitor)
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Fig. 4.4—Comparison of experimental and calculated results of hydrate-formation 

pressure from p-correlation for a natural gas with low concentration of propane and 

nitrogen. 

 

 

C1=65.4, CO2=0.2, N2=7.7, C2=12.7, C3=10.3, nC4=3.7 (mol%)
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Fig. 4.5—Comparison of experimental and calculated results of hydrate-formation 

pressure from p-correlation for a natural gas with high concentration of propane 

and nitrogen. 
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Figs. 4.6 through 4.8 show the calculated hydrate-formation temperature from 

temperature correlation versus the experimental. Fig. 4.6 shows the calculated results are 

in excellent agreement with experimental data except slight deviation at low temperatures 

for the complex system of gas and mixed inhibitors. 

 

Figs. 4.7 and 4.8 compare the calculated and experimental hydrate-formation temperature 

for the same natural gas systems. In Fig. 4.7 where the gas mixture contains small 

concentrations of propane and nitrogen, the predicted results represent the experimental 

perfectly; however, Fig 4.8 shows deviation for predicted results from experimental when 

the mixture contains higher fractions of these two components. Despite of the deviation 

for this case, the calculated values still follow the same trend as the experimental.  
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Fig. 4.6—Comparison of experimental and calculated results of hydrate-formation 

temperature from T-correlation for pure methane. 
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C1=87.9, CO2=0.2, N2=1.1, C2=4.4, C3=4.9, nC4=1.5 (mol%)
(Without Inhibitor)
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Fig. 4.7—Comparison of experimental and calculated results of hydrate-formation 

temperature from T-correlation for a natural gas with low concentration of propane 

and nitrogen. 

 
 

C1=65.4, CO2=0.2, N2=7.7, C2=12.7, C3=10.3, nC4=3.7 (mol%)
(Without Inhibitor)

30

40

50

60

70

80

90

0 200 400 600 800 1000 1200 1400

Pressure, psi

Te
m

pe
ra

tu
re

, º
F

 

Fig. 4.8—Comparison of experimental and calculated results of hydrate-formation 

temperature from T-correlation for a natural gas with high concentration of 

propane and nitrogen. 
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4.2 Comparison of Predicted Results with a Common Correlation 

As I mentioned earlier in Section 2.7.3, Kobayashi et al.43 developed Eq. 2.3 from the 

gas-gravity plot from Katz. To compare the accuracy of the T-correlation with that of 

Kobayashi et al. equation, considering all the limitations for this equation (data included 

only hydrocarbons; data without inhibitors; data at pressures lower than 1,500 psia, 

specific gravities lower than 0.9, and temperatures between 0.34 and 62ºF), I calculated 

the hydrate-formation temperature from both methods. For 173 data points from my 

collection, the results showed that my equation is superior to the Kobayashi et al. 

equation with an average absolute temperature difference of 2.87ºF versus 13.02ºF. Fig. 

4.9 shows the actual difference between predicted and experimental temperatures for my 

T-correlation and the Kobayashi et al. correlation.    
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Fig. 4.9—Actual differences between predicted and experimental temperatures for 

T-correlation and Kobayashi et al. correlation. 

 

 

4.3 Comparison of Predicted Results with Calculated from PVTsim  

The results of the two improved correlations make them competitive even with the 

commercial software. To prove this claim, I have compared the results of the improved 
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correlations with the results from the available commercial software, PVTsim20. For most 

sets of data, the results from the new correlations are as good as the results from PVTsim; 

however, for some of the data sets, these correlations predict the hydrate-formation 

conditions even better than PVTsim. Figs. 4.10 and 4.11 compare the predicted hydrate-

formation pressure and temperature from the correlations and PVTsim for two different 

natural gas systems.   
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Fig. 4.10—Comparison of the calculated hydrate-formation pressure from PVTsim 

and p-correlation. 
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C1=88.5, N2=3.4, C2=4.3, C3=2, nC4=1.7 (mol%)
(Without Inhibitor)  
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Fig. 4.11—Comparison of the calculated hydrate-formation temperature from 

PVTsim and T-correlation. 

 
 

4.4 Sensitivity Analysis 

The best way to determine the hydrate formation conditions is to measure the pressure 

and temperature experimentally. Since this is expensive and time consuming, the 

available correlations or thermodynamics methods can predict these conditions. When 

using a thermodynamics model, if the predicted results have significant deviations from 

the experimental data, it is possible to improve the model by adjusting the parameters 

entering into the model. Recall that one of the objectives of this work is to provide 

guidelines to calibrate a thermodynamics model by applying a sensitivity analysis to 

selective parameters entering into the model. To conduct the sensitivity analysis, we 

determined two possible parameters, binary interaction coefficients ( ijK ) and the 

Langmuir adsorption constant ( jiC ) in a thermodynamics model so that adjusting those 

parameters will cause the model to behave differently.       
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To predict the hydrate-formation conditions from a thermodynamics model, the chemical 

potential difference of water in the empty and in the filled hydrate lattice ( Hµ∆ ) requires 

calculation of fugacity for each component in the gas phase (Eq. 2.10). The fugacity of 

component i ( if ) is defined by: 

 

pyf iii φ= ,..................................................................................................................  (4.3)                                                                                                                  

 

where =iφ fugacity coefficient, =iy mole fraction of component i  in the gas phase, and 

=p pressure of the system. The fugacity coefficients iφ  can be determined from an 

EOS. For a given component the difference of its fugacity in one phase with respect to 

another phase is a value that measures the transfer potential of that component between 

the phases. Therefore, at equilibrium conditions when the fugacity of a component in the 

two or more phases is equal, there is no mass transformation across the phases; pressure, 

temperature, and the compositions within the phases remain constant.  

 

The following equation is a thermodynamic relationship that determines the fugacity 

coefficient of component i  in the mixture: 

 

ZdV
V
RT

n
p

RT
jnVT

V

i
i ln))((/1ln ,, −−

∂
∂−= �∞φ ,.............................................................  (4.4)                                                              

 

where in  is the number of moles of type i . 

 

In case of the SRK-equation29: 
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PVTsim20 has different options to calculate the binary interaction coefficient ijK ; 

however, this software supports the following temperature-dependent binary 

interaction ijK : 

 

)]([ 0TTCKBKcnAKK ijijjijij −++= ,.....................................................................  (4.6) 

 

where AK ij , BK ij , and CK ij  are user input; 0T  is a reference temperature of 288.15ºK; 

and jcn  is the carbon number of component j . The attempt to adjust the variables AK ij , 

BK ij , and CK ij  failed because the software does not accept the changes.  

 

PVTsim considers three types of hydrate lattices, SI, SII and SH. Hydrates with structures 

I and II consist of two different sizes of cavities, small and large. Structure H consists of 

three different sizes of cavities which in PVTsim are modeled as two cavity sizes, 

small/medium and huge. As we saw in Section 2.8, the Langmuir adsorption constant jiC  

is a temperature-dependent parameter and the values of A  and B  (Eq. 2.11) are unique 

for each component j  that is capable of entering into a cavity of type i . For example, the 

value of A  for component C1 that enters a large cavity of SII is equal to 110335.1 −×  

ºF/psia, and with this value we saw the prediction from PVTsim in Fig. 4.10 that deviated 

from experimental. Multiplying the value of A  by 10, PVTsim shows better results, as 

can be seen in Fig. 4.12. Similarly, the value of A  for component C2 that enters a large 

cavity of SI is equal to 410722.3 −×  ºF/psia, and by making this value 10 times larger, 

PVTsim shows better results, as we see in Fig. 4.13. 
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C1=88.5, N2=3.4, C2=4.3, C3=2, nC4=1.7 (mol%)
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Fig. 4.12—Calculated results from PVTsim before and after adjusting the value of 

A  for component C1 in a large cavity of Structure II. 
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Fig. 4.13—Calculated results from PVTsim before and after adjusting the value of 

A  for component C2 in a large cavity of Structure I. 
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Therefore, the predicted results from PVTsim are sensitive to the A  parameter for some 

components in large cavities of SI and SII. Although the hydrate types and the sizes of 

cavities do not affect our correlation, from the sensitivity analysis for PVTsim, we can 

reach the conclusion that our correlations could be sensitive to some or all of the 

variables involved in their development. This means that we can probably improve the 

new correlations by adjusting the current variables, by entering new variables such as 

density of water, or even by using improved mixing rules with a wider range of 

hydrocarbon, temperatures, and pressures. The mixing rule that I used to calculate the 

pseudoreduced temperature and pressure is limited to some ranges of composition, 

temperature, and pressure which do not cover all the ranges for the experimental data; 

that could affect the accuracy of the new correlations to some extent. By having more 

experimental data and considering other regression variables, it is possible to improve 

these correlations more and more.  
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CHAPTER V 

CONCLUSIONS  

 
Gas hydrates are a costly problem when they plug oil and gas pipelines. The best way to 

determine the hydrate-formation temperature and pressure is to measure these conditions 

experimentally for every gas system. Since this is not practical in terms of time and 

money, correlations are the other alternative tool. Only a couple of the thermodynamics 

methods in the literature are applicable for systems including inhibitors. In this work, we 

introduced two improved correlations that calculate the hydrate-formation pressure or 

temperature for single gases or mixtures of gases with or without inhibitors. These 

correlations are based on over 1,100 published data points of gas-hydrate formation 

temperatures and pressures with and without inhibitors. The data include samples ranging 

from pure-hydrate formers such as methane, ethane, propane, carbon dioxide, and 

hydrogen sulfide to binary, ternary, and natural gases. Using the Statistical Analysis 

Software (SAS),19 we found the best correlations among the variables including gas 

specific gravity, pseudoreduced pressure and temperature of gas mixtures, vapor pressure 

and liquid viscosity of water, and concentrations of electrolytes and thermodynamic 

inhibitors. 

 

These correlations are applicable to temperatures up to 90ºF and pressures up to 12,000 

psi and they are capable of handling aqueous solutions containing electrolytes such as 

sodium, potassium, and calcium chlorides lower than 20 wt% and inhibitors such as 

methanol lower than 20 wt%, ethylene glycol, triethylene glycol, and glycerol lower than 

40 wt%. The results show an average absolute percentage deviation of 15.93 in pressure 

and an average absolute temperature difference of 2.97ºF. 

 

The improved correlations are simple and portable since they are applicable even with a 

simple calculator. The results are in excellent agreement with the experimental data in 

most cases and even better than the results from commercial simulators in some cases. 

These correlations provide guidelines to help the users to forecast gas-hydrate forming 

conditions for most systems of hydrate formers with and without inhibitors. 
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My conclusions of this research come in two parts, conclusions from my observations of 

experimental data which are consistent with what I read in the literature and conclusions 

from my work in developing the improved correlations. 

 

5.1 Conclusions from Observations 

• In absence of inhibitors and at the same temperature, a gas with lighter specific 

gravity forms hydrates at higher pressure, but we should consider the presence of 

components such as propane, isobutane, and nitrogen. The presence of propane 

and isobutane in a gas mixture decreases the hydrate-formation pressure and 

increases the hydrate-formation temperature, while the presence of nitrogen in a 

gas mixture increases the hydrate-formation pressure and decreases the hydrate-

formation temperature. 

• Compositions of a gas system play a very important role in determining the 

hydrate-formation temperature or pressure. That means two gas systems with 

equal specific gravity may form hydrates at very different conditions. For 

instance, a binary mixture of methane and isobutane forms hydrates at lower 

pressure and higher temperature than a mixture of methane and butane with the 

same composition and specific gravity. 

• Sodium chloride has a higher inhibition effect than methanol at the same 

concentration; this is very obvious at higher pressures. In the presence of mixed 

inhibitors, the inhibitor with higher concentration of sodium chloride is more 

effective than the one with higher concentration of methanol. 

• The inhibition effect of ethylene glycol is inferior to that of methanol at the same 

concentration. 

 

5.2 Conclusions from Developing the Improved Correlations 

• The improved correlations estimate the hydrate-formation temperature or pressure 

for a variety of gas-hydrate formers in the presence or absence of inhibitors. 

• These correlations are easy to use and they are applicable even with a simple 

calculator. 
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• The predicted results are in a good agreement with the experimental data in most 

cases.    

• These correlations are very accurate and in some cases they can predict the 

hydrate-formation conditions even better than the commercial software, PVTsim.  

• The improved correlations are unique since none of the available correlations in 

the literature can predict the hydrate-formation conditions for complex systems 

including inhibitors; in addition, the new correlations proved to be much more 

accurate than the common correlations.  

• The results from 1,104 data points show an average absolute percentage deviation 

of 15.93 in pressure for the p-correlation and an average absolute temperature 

difference of 2.97ºF for the T-correlation. 

• The correlations are useful for a wide range of temperature (to 90ºF) and pressure 

(to 12,000 psi). 

• A sensitivity analysis on parameter A  of the Langmuir adsorption constant 

showed that the value of this parameter for hydrocarbons entering in large cavities 

of Structures I and II has significant effect on the calculated hydrate-formation 

temperature and pressure by PVTsim simulator.  
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NOMENCLATURE 

 

wa  = water activity 

.... dTaa = average of absolute temperature difference 

.... epaa = average of absolute percentage error on pressure   

jiC = Langmuir adsorption constant 

pC = molar heat capacity  

if = fugacity of gas component in a gas mixture 

H = molar enthalpy 

ijk = binary interaction coefficient 

vsK = vapor/solid equilibrium ratio  

airM = molecular weight of air 

iM = molecular weight of electrolyte i   

jM = molecular weight of thermodynamic inhibitor j  

iMW = molecular weight of component i  in a gas mixture 

n = number of data points 

in = number of cavities of type i  per water molecules 

p = pressure of the system   

cp = critical pressure 

pcp = pseudocritical pressure  

prp = pseudoreduced pressure 

v
rp = reduced vapor pressure 

v
wp = vapor pressure of water 

R = universal gas constant 

is = mol fraction of component i  in solid phase 

T = temperature of the system 

cT =   critical temperature 



 

 

59 

 

pcT = pseudocritical temperature 

prT = pseudoreduced temperature 

rT = reduced temperature 

0T = reference temperature  

V = molar volume 

iy = mol fraction of component i  in vapor phase 

ix = concentration of electrolyte i   

jx = concentration of thermodynamic inhibitor j  

∆ = difference in properties 

φ = fugacity coefficient 

γ = gas specific gravity 

µ = chemical potential  

l
wµ = viscosity of liquid water  

ω = acentric factor 
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APPENDIX A  
 

EXPERIMENTAL DATA 
 
 

The entire experimental data gathered and used in this work is in a separate Excel file.  
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APPENDIX B 
 

HYDRATE-FORMATION PRESSURE CALCULATION 
 

 
This Excel file includes a Visual Basic program that calculates the hydrate-formation 

pressure at a given temperature. By giving the gas composition and the inhibitor 

concentration as input data to this program, a user can calculate the hydrate-formation 

pressure at a given temperature for that system. This calculation can be done very quick 

and only by clicking on the Hydrate Pressure button in the Data sheet. 
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APPENDIX C 
 

HYDRATE-FORMATION TEMPERATURE CALCULATION 
 
 

This Excel file includes a Visual Basic program that calculates the hydrate-formation 

temperature at a given pressure. By giving the gas composition and the inhibitor 

concentration as input data to this program, a user can calculate the hydrate-formation 

temperature at a given pressure for that system. This calculation can be done very quick 

and only by clicking on the Hydrate Temperature button in the Data sheet. 
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