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Abstract 

Hydrate inhibition using chemical inhibitors is the most wildly used technique in 

industry to prevent hydrate formation. This study investigates experimentally and 

theoretically the inhibition effects of methanol, ethylene glycol, diethylene glycol 

and triethylene glycol on simple gas hydrates. The incipient equilibrium hydrate 

conditions for methane, ethane and propane in aqueous solutions of ethylene 

glycol, diethylene glycol are experimentally obtained in the temperature range of 

264-283 K and pressure of 0.181-3.6 MPa. 

The predictive method utilizes the statistical thermodynamic model of van 

der Waals and Platteeuw for describing the solid hydrate phase. The Trebble

Bishnoi (Trebble and Bishnoi, 1987; 1988) equation of state is used for modeling 

the thermodynamic behavior of liquid and vapor phase. The vapor-liquid, 

solubility and hydrate equilibrium data are used to estimate the best interaction 

parameters needed in the equation of state. The predictions were found to agree 

well with the experimental data. 
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Chapter 1
 

Introduction
 

Gas hydrates are examples of a class of compounds called c1athrates. They can 

form at low temperatures and high pressures when gas molecules such as 

methane, ethane and propane are brought into contact with water. 

Water molecules through hydrogen bonding form a solid cage-like structure 

that entraps certain gas molecules in structural voids or cavities. Natural gas 

molecules smaller than pentane may be entrapped within the various cages, as a 

function of their size. A maximum of one guest molecule can be encaged in each 

cavity. Hydrates can be formed from a single compound or a combination of two 

or more compounds. 

A clathrate compound can be thought of as a solid solution of guest 

molecules (hydrate former) in a host lattice (water), and therefore, gas hydrates 

are nonstoichiometric solids. Water molecules in the hydrate structure are 

strongly hydrogen bonded to each other. There is no chemical association 

between host and the guest molecules instead they interact only through van der 

Waals type forces. 

The phenomenon of gas hydrate formation was first observed experimentally 

by Sir Humphrey Davy in 1811, he reported the formation of a yellow precipitate 

when chlorine gas was bubbled through water (Sloan, 1998). It was shortly 
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thereafter more fully investigated by Faraday. The major goal of the researchers 

at that time was identification of the components, which can form gas hydrates. 

In the 1930's the research focus shifted to devising methods to prevent hydrate 

formation when Hammerschmidt (1934) attributed plugging of natural gas 

pipeline to hydrate formation. The hydrates are also important due to the 

discovery of naturally occurring hydrates in regions such as northern Alaska, 

Siberia and Canada. These gas hydrate deposits are regarded as an untapped 

source of energy because of their enormous gas storage capacity. Makogon 

(1994) wrote a review on Soviet hydrates. In his report, he mentioned that in 

early 1970's the Russian researchers announced that there is a huge quantity of 

gas trapped in hydrate formations throughout the world. They also suggest in situ 

formation mechanisms. Afterwards the oil and gas industry and academia went 

through a period of activity directed primarily toward laboratory experiments. 

Although industry is interested in the production of gas from hydrate reserves, 

the main industrial activity in hydrates lies in preventing their formation and 

avoiding subsequent plugging of gas-lines. Aside from causing operational 

problems in pipelines and gas processing equipment, gas hydrates also 

represent drilling and engineering hazards. Various problems associated with 

gas hydrates, have been discussed by Sloan (1998). 

Hydrates also have environmental aspects. Greenhouse effect based on 

increase of carbon dioxide concentration in the atmosphere is one of the causes 

of climate changes. More recently, the potential for ocean sequestration of CO2 
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has made CO2 hydrate research more important (Lund and Shindo, 1994). By 

discharging CO2 directly into the ocean, the rate of increase of CO2 in the 

atmosphere could be reduced. 

Possible industrial application of natural gas hydrates are listed below: 

(a) Hydrate formation could be used as a means of seawater desalination (Knox 

et aI., 1961). Pure water can be obtained from seawater by gas hydrate 

formation. 

(b) Hydrate formation	 can be used as gas storage reservoirs (Parent 1948). 

Hydrates have been proposed for storing large volumes of gas, because each 

volume of hydrate can contain as much as 200 volumes of gas at standard 

condition (0 C and 1 atm) (Sloan 2000). They investigated the storage and 

transportation of natural gas in the hydrate form. 

(c) Hydrate formation could be used for separation of gas mixtures (Barrer and 

Ruzicka, 1962). Work has been done to investigate the use of hydrate as 

means of separation, especially for hydrocarbons. Gas hydrate formation in 

oil and gas reservoirs can remove the lighter hydrocarbons from the crude oil 

(Verma at aI., 1975), leaving behind denuded oil, which has higher viscosity, 

which causes difficult recovery. 

(d) Hydrate could be used	 as a cold storage medium (Mori and Mori, 1989). 

Storage of gases as hydrates has advantages it will occupy lower storage 

space and is safe because of lower pressure. 
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(e) Hydrate could be used in biotechnology (Rao et aI., 1990). Hydrate formation 

in an enzyme-containing reverse micellar system is a new and interesting 

phenomenon. Hydrates can be formed inside reverse micelles and this can 

be used to control the size and water content of the micelles. By controlling 

the size and water content of the micelle, the activity of the encapsulated 

enzymes can be enhanced. By simply manipulating the pressure, the desired 

micelle size can be obtained. Two specific enzymes considered in their study 

were microbial lipase and a -chymotrypsin. 

(f) Hydrate could be used to ship natural gas	 in the form of hydrate instead of 

using liquid natural gas tankers (Gudmundsson and Borrehaug, 1996). 

Hydrates are also source of energy. Vast quantities of hydrates are produced 

from natural gas in marine sediments, where suitable temperature and pressure 

conditions are met (Sloan, 1991). Although most of the ocean floors lies within 

the appropriate temperature-pressure conditions, hydrate formation in the ocean 

is normally confined to the sediments along continental margins, where adequate 

supplies of gas are available (Hyndman and Davis, 1992). 

While all these applications are interesting, their commercial potential is still 

unclear. 

1.1	 Structure of Gas Hydrates 

As mentioned before, there is no chemical bond between hydrate former gas and 

water in gas hydrates. Hydrates are composed of water molecules linked through 
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hydrogen bonds to form a lattice network with gas molecules. The hydrate 

structures, which form, depend upon temperature, pressure and gas 

composition. 

The work based primarily on the crystallographic studies of Claussen (1951) 

and Stackelberg and Muller (1954) has shown hydrates grow in two distinctly 

different crystal structure as structure I and structure II. A third hydrate structure 

(H) was discovered by Ripmeester et al. (1987). Gases with molecular sizes 

smaller than 4.1 A 
o 

like Argon, Krypton or larger than 5.9 A 
0 

form structure II. 

Gases that have the molecular sizes between 4.1 and 5.9 A 
o 

form structure I 

hydrate. 

For structure H hydrates to form, two types of gases are required - a small 

guest gas as methane and a large guest as adamantane. The clathrate hydrate 

of structure I and II have cubic symmetry and structure H has hexagonal 

symmetry. 

An overview on characteristics of structure I and structure II in this section are 

taken from Sloan (1998). Structure I is a body centered cubic, while structure II is 

a diamond lattice and both are composed of polyhedral cages. Both structures 

have two different types of spherical cavities, but with different diameters. These 

structures are metastable and can not be formed without at least partial 

occupation of the cavities with gas molecules. The unit cell of structure I consists 

of 46 water molecules and contains 2 small and 6 large cavities. The small 

cavities are pentagon dodecahedral (512 
) array of 20 water molecules, which are 
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° located at the center. They are almost spherical with approximately 5.1 A 

diameter. The large cavities are tetrakaidecahedron (5 12 62 ) which have two 

opposite hexagonal faces and twelve pentagonal faces. The unit cell of structure 

II consists of 136 water molecules and contains 16 small and 8 large cavities. 

The small cavities are pentagon dodecahedra (512 ) like structure I but they are 

distorted. The large cavities are hexadecahedra (5 12 64 ). The hydrate crystal unit 

structures are shown in Figure 1-1 (Holder et aI., 1988). 

The unit cell of structure H has large cavities and two types of small cavities. 

The large cavities are 512 68 which have 12 pentagonal and 8 hexagonal faces 

with a diameter between 7.5 A
O 

and 8.6 A
O 

• The small cavities are 512 and 

4356 63 . Figure 1-2 (Lederhos et aI., 1988) illustrates the structure H hydrate. For 

stabilizing structure H hydrates, not only a small help gas, but also a large guest 

o ° 
of a diameter between 7.5 A and 8.6 A like cyclohexane and methyl
 

cyclohexane are needed.
 

The properties of hydrate lattices are summarized in Table 1-1.
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Hydrate Structure I H" 
Cavity Small Large Small Large Small Medium Large
 

Description 512 51262 512 51264 512 4356 63 51268
 

# Cavity/unit cell 

Coordination Number 

2 

20 

6 

24 

16 

20 

8 

28 

3 

20 

2 

20 

1 

36 

Avg. Radius (A) 3.95 4.33 3.91 4.73 3.91 4.06 5.71 

# Molecule of 46 136 34 

water/unit cell 

Typical hydrate 

forming gases 

CH4 ,

C2H 4 

C2H 6 , 

,C02 

C3H g , 

i-C4H IO 

Isopentane, Neohexane, 

cyclohexane, plus a help 

gas 

Table 1-1 Physical Properties of Hydrate lattice (Sloan, 1998) 
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Structure I 

14-Hedron 
(Tetrakaidecahedron) 

12-Hedron 
(Dodecahedron) 

Structure II 

o 
5A 

16-Hedron
 
(Hexakaidecahedron)
 

Figure 1-1 Cavities of structure I and II (Holder et aI., 1988) 
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/ 

Figure 1-2 Three types of cavities in gas hydrate, structure H (Lederhos et ai, 1988) 
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1.2 Hydrate Formation as a Problem in the Oil and Gas Industry 

The rapid development of the oil and gas industry especially in North America 

was the beginning of hydrate's important industrial role. As the hydrates may 

exist above the freezing point of water, they can cause plugging of pipes, 

nozzles, valves, distillation column trays, and other associated equipment. 

The oil and gas industry became interested in these c1athrates compounds 

after Hammerschmidt (1934) pointed out that difficulties being experienced with 

wellbore and transmission pipeline plugging were due not to icing but to hydrate 

formation. The interest was directed towards gathering data on the pressure and 

temperature conditions where the natural gas hydrate would form. 

Reducing the water content of the hydrocarbon mixture may reduce the risk of 

hydrate formation. Avoiding hydrate formation by operating outside the hydrate 

formation region is other common practice in the oil and gas industry. This 

implies that keeping either the temperature above the hydrate formation 

temperature at the existing pressure or drying the gas to reduce the moisture 

content lower than that required for hydrate stability. The economics and success 

of the above approach depends on the accurate determination of the hydrate 

phase boundary. Another alt~rnative is to lower the temperature at which 

hydrates may be formed by adding inhibitors. The components that may cause 

the largest freezing point depressions for water are the most powerful inhibitors. 

Alcohols, glycols and salts are examples of such inhibitors. 
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Since the discovery of the hydrates as plugs in pipelines, oil and gas 

industries prevented hydrate formation by inhibiting the thermodynamic stability. 

The methods are reducing the water content of the gas and removal of the free 

water, maintaining the temperature and pressure of the system above and below 

the hydrate formation conditions respectively, and also injection of inhibitors to 

shift the hydrate equilibria. These techniques are called thermodynamic inhibition 

because they remove the system from thermodynamic stability by changes in 

composition, temperature or pressure. As long as the system is kept outside of 

the thermodynamic stability conditions hydrates won't form. Another method 

called kinetic inhibition, which allows the system to exist in the hydrate 

thermodynamic stability region. The concept of kinetic inhibition is to prevent the 

growth of hydrate crystal from progressing to larger crystal species. Kalogerakis 

et al. (1993) showed that some surfactants increased the agglomeration 

tendency. Kinetic inhibitors are limited at long times, low temperatures, and high 

pressures, because the crystal growth is significant enough to cause plugging of 

the pipelines. 

When hydrate problems occur, consequences can be formidable. 

Depressurization of deep-water pipelines to remove plugs frequently requires 

days of flow interruption. When flow is halted because of a plug in the pipeline, it 

is difficult to place heat at the precise plug site. Depressurization decreases the 

hydrate formation temperature, which enables the plug to be dissociated. For 

long gas pipelines in cold and high-pressure conditions, insulation alone will not 
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suffice to maintain a hydrate free channel (Sloan, 1991). In such a case an 

inhibitor is injected into the gas phase, which carries it to the site of free liquid 

water where inhibitor dissolves and provides the hydrate inhibition. 

Preventing of gas hydrate formation by means of using typical inhibitors is 

employed when it is not cost effective to install a full dehydration unit, or an 

operating dehydration unit can not obtain desired dew point depression. The 

primary function of inhibitor is to act as an antifreeze agent. The knowledge of 

hydrate thermodynamic data is of key importance to the natural gas industry, in 

order to avoid the problems, associated with gas hydrate formation. It would 

enable the gas pipelines to be operated outside the hydrate formation conditions. 

These data are also of vital importance for the generalization of the 

computational prediction methods and correlation. 

1.3 Hydrate Phase Behavior 

Gas hydrates consist of two types of molecules, which are not chemically 

bonded. The phase equilibria of such a system are complex. A schematic is 

presented in Figure 1-3, which shows the various equilibrium phases that are 

possible for a hydrate former gas in combination with a small amount of water. 

Here, H is any hydrate phase, I denote ice, V is the vapor phase and L1and L2 

are water and hydrate former rich liquids respectively. As seen from the graph, if 

a system containing ice and vapor is compressed, it reaches a pressure where 

hydrate formation starts. If the pressure is increased more hydrate will form, till 
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just two phases of hydrate and vapor remain. Now if the system is compressed 

further until the dew point of the gas is reached, part of the gas will be liquefied 

and three phases of hydrate, hydrocarbon liquid and vapor will be formed. At 

temperatures above the freezing point of water, the same behavior would be 

followed with the ice phase replaced by the water rich liquid phase. The points at 

which the four phases of I-V-L1-H and V-H-L 1-L2 co-exist are called the lower 

(Q 1) and upper (Q 2) quadruple points. These quadruple points are unique for 

each hydrate former. 

Figure 1-3 illustrates the generic pressure-temperature behavior of a hydrate 

forming system, with the solid line signifying the stability boundary for hydrates 

without inhibitors. Upon warming, hydrates will melt at the temperature given by 

this line, and they can not exist to the right of the line, i.e. at higher temperatures 

or lower pressures. However, there is usually a very significant metastable effect 

for hydrate formation, such that moving from the right of the line in Figure 1-3 and 

into the hydrate stability region does not necessarily mean that hydrates will be 

formed. 
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V -Vapor 
Lz - Uquld rich In hydrate former I
 
L,.Waler rich liquid
 
1 -Ice I
 
H -Hydrate

Oz • Quadruple point I
 

- - Hydrate equilibrium In the
 
presence of Inhibitors I
 

I 

-c 
:::. 

HV 

Constant T 

IV 

273.15 
Temperature (K) 
/ 

Figure 1-3 Pressure temperature behavior for a hydrate system. Hydrates are 

stable to the left of the solid equilibrium line. (Holder, Zetts, and Pradhan 1988) 
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1.4 Effect of Inhibitors on Gas Hydrates 

A pure gaseous constituent and water have two components and three phases at 

the formation of a hydrate and hence have only one degree of freedom. At a 

given constant temperature or pressure there is only one pressure or 

temperature -the equilibrium pressure/temperature, at which the three phase 

vapor, liquid and hydrate can be in equilibrium in a binary system of water and 

the gas. This temperature is lowered, or in case of pressure it will be increased 

upon addition of a third component which dissolves in the water layer. This third 

component is a non-dissociating substance, and it won't contribute in the 

structure of gas hydrate. 

The solid curve (L 1HV) in Figure 1-3 represents the equilibria between 

hydrate, gas and water without inhibitors. As can be seen from the graph by 

adding an inhibitor the three-phase line is shifted towards lower temperatures 

and higher pressures at constant pressure and temperature respectively. The 

inhibitors affect the thermodynamic behavior of the aqueous phase by altering 

the activity of water. At a specific temperature, the pressure at which hydrate 

form will be higher compared to without inhibitors. Similarly at a specific 

pressure, the temperature at which hydrate form will be lower with inhibitor than 

without inhibitors. 
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1.5 Experimental Studies 

After the discovery of Hammerschmidt regarding the blocking of gas 

transportation pipelines more attention was paid towards hydrate 

thermodynamics in industry and academia. The thermodynamics of hydrate 

formation investigated by most of the investigations focused on the hydrate 

formation conditions in the presence of pure liquid water. Sloan (1998) published 

a book, which covers most of these experimental studies. Reference to several 

experimental studies for gases as methane, ethane and propane in pure water 

will be given in chapter 3 and 4 of this thesis. 

Hammerschmidt (1939) was the first to study the inhibiting effect of different 

organic and inorganic chemicals on hydrate formation conditions. The inhibiting 

effect of single salts such as Calcium Chloride, Sodium Chloride and Potassium 

Chloride on gas hydrate formation from single gases of methane, ethane, 

propane, isobutane, carbon dioxide and hydrogen sulfide are investigated by 

Kobayashi et al. (1951), Roo et al. (1983), Dholabhai and Bishnoi (1991 and 

1993), Bishnoi and Dholabhai (1992), Englezos and Bishnoi (1991), Tohidi et al. 

(1993 and 1994), Patil (1987), Englezos and Ngan (1993), Schneider et al 

(1968), Rouher (1968), Larson (1995), Vlahakis et al. (1972), Bond and Russell, 

(1949). 

Dholabhai, et al. (1991,1993), Bishnoi and Dholabhai (1992), Englezos and 

Ngan (1993), Tohidi et al. (1993,1994), Englezos and Bishnoi, (1991), Mei et aI., 

(1996), Dholabhai and Bishnoi (1994), Paranjpe et al. (1987) and Ng and 
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Robinson (1994) studied inhibiting effect of mix electrolytes on simple and mix 

gas hydrates. 

The inhibiting effect on gas hydrates in the presence of methanol was 

investigated by Ng and Robinson (1984,1985), Robinson and Ng (1986), Ng et 

al. (1987), Bond and Russell (1949), Dholabhai et al. (1997,1996) and Bishnoi 

and Dholabhai (1998), Dholabhai et. al ( 1997). The inhibiting effect on hydrate 

formation in the presence of ethylene glycol was investigated by Robinson and 

Ng, (1986), Song and Kobayashi (1989), Bishnoi et al. (1996,1997,1998), 

Majumdar, Mahmoodaghdam and Bishnoi (2000). The inhibiting effect of ethanol, 

triethylene glycol and Glycerol on hydrate forming gases were studied by 

Kobayashi, R., et al. (1951), Ross and Toczylkin (1992), Servio and Englezos 

(1998), Ng and Robinson (1994). 

In Dr. Bishnoi's labarotary, investigations on the aqueous three phase 

equilibrium conditions have been carried out very extensively. The inhibiting 

effect of electrolytes in the presence of methanol/ethylene glycol were mostly 

investigated in the laboratory. Some of these data which were collected from 

1991 to 1995 are given in reports submitted to Gas Research Institute (Bishnoi 

and Dholabhai, 1996) and the Gas Processors Association (Bishnoi, Dholabhai 

and Mahadev). 

As inhibitors, the ethylene and diethylene glycol are used extensively in the 

dehydration of natural gases. Having surveyed the technical literatures, however, 

It is found that the inhibiting effects of ethylene or diethylene glycol for the 
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propane hydrates are not investigated experimentally or theoretically. It is also 

found that the hydrate formation for methane and ethane in the presence of 

diethylene glycol has not been studied. In the present work, the inhibiting effects 

of ethylene and diethylene glycol on the hydrate formation from methane, ethane 

and propane gases are studied experimentally. A method to predict hydrate 

formation in the presence of these inhibitors is also developed. The method is 

then used to predict the data obtained as a part of this work and from literature. 

1.7 Scope of this Study 

The main objective of this thesis is to investigate the phase equilibria in gas 

hydrate forming systems in the presence of glycols. Experimental and theoretical 

studies are presented for hydrate-vapor-aqueous liquid equilibrium. The following 

objectives are identified: 

(1) Collection	 of experimental data on hydrate formation condition in aqueous 

ethylene glycol and diethylene glycol solutions for propane, ethane and 

methane. 

(2) Development	 of efficient computational methodologies for the prediction of 

the incipient hydrate formation in the presence of glycols. 

(3) A method is used to estimate the best interaction parameter needed in the 

equation of state from the experimental solubility data and hydrate equilibria. 

In Chapter 2 the phase equilibrium calculation problem is defined and the 

thermodynamic models and previous computation methods are presented. 
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In Chapter 3 a predictive methodology used for the calculation of the incipient 

hydrate formation in the presence of inhibitors is presented. In addition, the 

problem of interaction parameter estimation for equations of state is stated in this 

chapter. A procedure is presented for estimation of interaction parameters by 

using experimental solubility and hydrate equilibrium data. 

In Chapter 4 experimental apparatus and procedures are presented. The 

experimental results on the hydrate equilibrium are also presented. 

Finally, conclusions and recommendations for further work are presented in 

Chapter 5. 
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Chapter 2
 

Background on Thermodynamic Models for Hydrate Phase 

Equilibria Computations 
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Chapter 2 

Background on Thermodynamic Models for Hydrate Phase Equilibria 

Computations 

An analysis of the problem of determining the phase equilibria in a system 

capable of forming gas hydrate will be stated in this Chapter. In particular, the 

thermodynamic models available for the description of the phases are presented. 

2.1 Hydrate Thermodynamics 

In the water and gas systems in which gas hydrate will form, depending on 

conditions up to four phases may be present. These phases are vapor, water rich 

liquid or ice, hydrocarbon rich liquid, Structure I hydrate or Structure II hydrate. 

For a gas mixture, it is possible to have all these phases present simultaneously 

at equilibrium. Along the equilibrium curve at pressures higher than the 

quadruple point where the vapor is absent, three phases of aqueous liquid, 

hydrocarbon liquid and one of the hydrate structures are present. By slightly 

increasing the temperature, the equilibrium pressure of the system will sharply 

increase along the curve. The reason is that phases are highly incompressible. 

Ng and Robinson (1976, 1977) investigated the phase equilibrium of such a 

system. They also suggested a Clapeyron type equation to obtain the pressure 

temperature curve. 
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The phases of interest in this study are aqueous liquid (L), vapor (V) and 

hydrate (HI or H ll ), the condensed hydrocarbon phase will not be included in 

the analysis. 

The thermodynamic equilibrium in the system of Hydrate (H), Vapor (V) and 

Liquid (L), can be represented as: 

L V 
Pi == Pi i=1, ... ,N c (2.1 ) 

for all the components(N c) present in the system, and by 

Pj 
H 

= Pj 
L j=1, ... ,N h (2.2) 

for the hydrate forming components(N h)'
 

Equation (2.1) and (2.2) are basic phase equilibrium equations used to formulate
 

computation equations for equilibrium in hydrate containing systems.
 

2.1 Thermodynamic Model 

The fundamental model used to represent the chemical potential of water in the 

hydrate phase is based upon classical statistical thermodynamics. van der Waals 

and Platteeuw (1959), presented basic form of the model. Using this model, 

Parrish and Prausnitz (1972) developed a method to predict hydrate equilibria 

conditions. This method was later, simplified by Holder, Corbin, and 

Papadapoulos (1980) and has been found to give good predictions of hydrate 

equilibria. 
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2.2.1 Hydrate Phase (vdWP Model) 

As it was mentioned van der Waals and Platteeuw (1959) presented the basic 

form of the model for predicting the equilibrium condition of gas hydrates. The 

following assumptions are made in this model: 

(1) Each cavity may contain only one gas molecule 

(2) The cavity and also guest molecule are considered perfectly spherical. 

(3) The guest molecule only interacts with the nearest water molecule to it. 

(4) A pair potential function is used to describe the guest-host interaction. 

(5) There is no interaction between the guest molecules in different cavities 

(6) Guest molecules can rotate freely inside the cavity. 

(7) The lattice is assumed to be rigid that means the free energy of the host 

molecules can not be changed by the enclathrated guest molecules. 

The model states that the chemical potential of water in the hydrate phase is 

equal to that in the liquid or ice State. Using a hypothetical empty lattice (PwMI' ) 

with the same host water structure but without the guests, as the reference state, 

the condition for equilibrium can be written as: 

L H MT L MI' H MI'-L MT-H ( 3)Pw =Pw => Pw - Pw =Pw - Pw => f1pw = f1pw 2. 

based on the statistical mechanics the difference f1pwMT-H is expressed in 

terms of the fractional occupancy of the guest (e ), which is a function of the 

Langmuir constant (Boltzmann average of the cell potential), C, and pressure (or 

fugacity), f. 
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MF-H MT H n Nh 
t1.Pw =Pw - Pw =RTIvi 10(1- IOij ) (2.4) 

i=1 }=1 

Where j, nand i represent, gas species, number of cavity types and cavity type 

respectively. For hydrate structure I and II, n is 2 and for structure H, n is 3. 

t1.pwMF-H stands for the chemical potential difference of water in the unoccupied 

hydrate lattice( PwMT) and in the hydrate phase (Pw H) at temperature T and 

pressure P. In the above equation vi is number of i type cavities per water 

molecule. The term Oij accounts for the cavity filling, and is the fractional 

occupancy of gas species j in the cavity type i. It is related to fugacity by classical 

Langmuir-type adsorption theory, 

(2.5) 

The Langmuir constant Cij accounts for gas-water interaction. The values of Cij 

are functions of temperature for each component in the occupied cavity. Parrish 

and Prausnitz (1972) have shown that the values of Cij may be obtained from 

three phase pure component hydrate data. They also used these constants in the 

gas mixture hydrate predictions without further correction. In their approach the 

Langmuir constants are simply considered to be temperature dependent as 

follows: 

(2.6) 
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where Aij and Bij parameters are estimated using a large number of 

experimental data points. 

Holder et al. (1982) used a Kihara potential model for the derivation of the 

Langmuir constants. The Langmuir constant in terms of the potential within the 

cavity can be represented as follows, if it is assumed that the cavity is perfectly 

spherical and the water molecules which form the cavity are smeared evenly 

over the surface of this sphere: 

47r 
R· 

I -flTij(r) 2 
Cii =- f exp( )r dr (2.7) 

'J kT 0 kT 

In the above equation k is Boltzmann's constant, and Wi} is the potential energy 

of interaction between the gas and the surrounding water molecules. In the 

original vdWP model, the Lennard-Jones potential function was used, but the 

Kihara potential function has proved to be slightly more accurate for calculating 

the thermodynamic properties. 

The Kihara potential function is given as, 

rex) = 00 x s; 2a 

x>2a (2.8) 

Where x is the separation of the water-gas pairs, and '&', I (J' and 'a' are the 

Kihara interaction parameters for gas-water pair. The Kihara parameter 'a' is the 

molecular core radius,' 0 'is the distance between two molecules at zero potential 

and' &' is the minimum potential for gas-water interaction. They are given as, 
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ag +aw 
a=-=-- (2.9)

2 

(2.10) 

(2.11 ) 

Where, subscript 'g' is for the gas molecule while subscript 'w' is for water 

molecule. McCoy and Sinanogulu (1963) obtained the cell potential from Kihara 

model, by assuming that the water molecules are smeared over a sphere of 

radius R. 

(2.12) 

Where: 

n 1 r a -n r a_n 
(Y =-[(1----) -(1+---) ] (2.13) 

n R R R R 

'R' is the cavity radius, IN' is 4, 5, 10 or 11 and 'Z' is the coordination number of 

the cavity, The Kihara parameters are listed in Table 2-1. However in a real 

system, a degree of spherical asymmetry exists in all cavities. 
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Hydrate former elK a a 

(K) 0 0 

(A ) (A ) 

Methane 154.54 3.1650 0.3834 

Ethane 176.40 3.2641 0.5651 

Propane 203.31 3.3093 0.6502 

i-Butane 225.16 3.0823 0.8706 

n-Butane 209.00 2.9125 0.9379 

H 2S 204.85 3.1530 0.36 

N2 125.15 3.0124 0.3526 

CO 2 167.77 2.9818 0.6805 

Table 2-1 Kihara's parameters for SI and SII gas hydrates (Sloan, 1998) 
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Another assumption of van der Waals and Platteeuw is that they only 

considered the nearest molecules when calculating cell potentials. John and 

Holder (1982) determined the contribution of the more distant water molecules 

and empirically assigned these water molecules to second and third shells 

according to their distance from the center of the cavity. John and Holder (1982) 

developed a correction factor Q* for calculating the degree of spherically. They 

correlated Q* as a function of the guest, size, interaction energy parameter and 

the acentric factor. The correction accounts for all non-ideality in the molecular 

interaction between the enclathrated gas and hydrate lattice molecules. From 

their correlation Q* should be close to unity when the gas is really spherical and 

less that unity when the gas is non-spherical. They represent the Langmuir 

constant 'e' as follows: 

c =Q* *C* (2.14) 

Where, 

,C*, accounts for the changes of the potential caused by the second and third 

shells of water molecules around the cavity of interest. By this correction the 

Kihara parameters needed for the calculation of hydrate equilibria could be 

related to the Kihara parameters found from viscosity and second virial 

coefficient data. 
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Holder et al. (1982) proposed the following equation, which gives the 

chemical potential of water in the empty lattice. 

11 MI' _LO 11 ° 
f-lw = f-lw + Corrections for T, P (2.15)

RT RT
o 

11 ° T M/ MI'-L ° P I1V MI'-LO 

=~-f w dT+f w dP (2.16) 
RT 

o 
° RT2 

0 RT
T 

l1f-lw ° denotes the chemical potential difference of water in the empty hydrate 

lattice and ice or pure liquid water at TO =273.15 K and zero absolute pressure. 

o 0 

M/ MI'-L is the corresponding enthalpy difference and I1V MI'-L is thew w

volume difference and it is considered to be temperature independent. 

The temperature dependence of the enthalpy term can be expressed as follows: 

M/ wMI' - L 
o

=M/ w 0 + 
TJI1C 0 dT (2.17) 

To 

o 
M/w in Equation (2.17) is a reference enthalpy difference between the empty 

hydrate lattice and the water phase at 273.15 K. I1C 
o 

is the heat capacity 

difference between the empty hydrate lattice and water phase and it is given by: 

I1C 
o

= I1CPw 

0 

+ peT - To) (2.18) 

Where' f3 " is a constant fitted to experimental data. The values of the reference 

properties of hydrate are listed in Table 2-2. 
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In the present work, Langmuir constant is calculated by Equation (2.7) given 

by Holder et al. (1982). Equation (2.12) given by McCoy and Sinanogulu (1963) 

is used for the calculation of the cell potential from Kihara model. Also the 

chemical potential of water in the empty lattice is calculated by Equation (2.16) 

given by Holder et aI., (1982). 

2.2.2 Vapor Phase Model 

Any suitable model can be used for description of the vapor phase. Parrish and 

Prausnitz (1972) and Anderson and Prausnitz in (1986) used the redlich-Kwong 

equation of state (Redlich and Kwong, 1948) to calculate the fugacity of a gas in 

the vapor phase. Ng and Robinson (1976,1977) used the Peng-Robinson 

equation of state (Peng and Robinson, 1976) for describing the vapor phase. In 

the present work, the Trebble-Bishnoi equation of state (Trebble and Bishnoi, 

1987, 1988) has been employed. This equation can utilize up to four binary 

interaction parameters and has a good predictive capability. The equation and its 

quadratic mixing rules are given below, 

p= RT _ a (2.19) 
v-b v2 +(b+c)v-(bc+d2 ) 

Where, 

a= LLXjXjJ(ajaj)(1-kaij) (2.20) 
j j 



32 

Property Structure I Structure II Reference 

1235±1O - Holder et al. 1980 

1297 937 Dharmawardhana et al. 1980 

0 

l1f.lw (J/mol) 1264 883 Parrish and Prausnitz, 1972 

1299.5±lO - Holder et al. 1984 

1287 1068 Handa and Tse, 1986 

-4327 - Ng and Robinson, 1985 

-4622 -4986 Dharmawardhana et al. 1980 

0 

I1Hw (J/mol) -4860 -5203.5 Parrish and Prausnitz, 1972 

-4150 - Holder et al. 1984 

-5080 -5247 Handa and Tse, 1986 

0 

I1CPw (J/mol K) -38.13 -38.13 Parrish and Prausnitz, 1972 

-34.583 -36.8607 Holder and John, 1983 

p (J/mol K 2 
) 0.141 0.141 Parrish and Prausnitz, 1972 

0.189 0.1809 Holder and John, 1983 

Table 2-2 Thermodynamic reference properties of gas hydrates 
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(2.21 ) 

c· +c· 
c =~~ XiXj ( 1 2 J )(1- Iccij ) (2.22) 

1 J 

(2.23) 

2.2.3 Aqueous Liquid Phase 

In this study the liquid phase is an aqueous solution where the molecular species 

like methanol, ethylene glycol, diethylene glycol or triethylene glycol exist in non-

negligible amounts. To model such a phase, any suitable activity coefficient 

model or equation of state can be used. In this study the Trebble-Bishnoi 

equation of state (Trebble and Bishnoi, 1987, 1988), which is used in the vapor 

phase also, is applied in the liquid phase thermodynamic calculations. 
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Chapter 3
 

Prediction of the Hydrate Formation Condition in the
 

Presence of Inhibitors
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Chapter 3 

Prediction of the Hydrate Formation Condition in the Presence of 

Inhibitors 

In this Chapter a methodology will be presented to predict the hydrate formation 

condition in the presence of thermodynamic inhibitors. The predictive method 

utilizes the statistical thermodynamic model of van der Waals and Platteeuw 

(1956) for describing the solid hydrate phase. The Trebble-Bishnoi equation of 

state (Trebble and Bishnoi, 1987; 1988) is used for modeling the thermodynamic 

behavior of liquid and vapor phases. As it will be seen, using one equation of 

state is not only simple, but also it will give the satisfactory results. 

3.1 Methodology 

The thermodynamic equilibria in terms of fugacity for a system, which contains 

hydrate (H), vapor (V) and liquid (L) can be represented by: 

f/ =ft i=1, ... ,N c (3.1 ) 

for all the components (N c) present in the system, and 

j=1, ... , N h (3.2) 

for the hydrate forming components (N h). Since the vapor hydrate equilibria 

conditions for all the species other than the water are incorporated implicitly in 

the hydrate thermodynamic model, Equations (3.1) and (3.2) are sufficient to 
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describe the three phase equilibria. If the solubilities of hydrate formers are 

negligible in the liquid phase equation (3.2) may be reduced to the following 

single equation, 

fw H =fwL (3.3) 

It must be mentioned that inhibitors are excluded from the hydrate lattice. Hence, 

the model of van der Waals and Platteeuw is valid and it can be used to 

represent the fugacity of water in the hydrate phase. 

The difference in the chemical potential of water in the empty hydrate lattice 

and in the liquid water, given by equation (2.4) may be related to the fugacity of 

water in the hydrate phase by the following equations, 

f H ~ MT-H n Nh
 
In w - J.lw =-L:v;In(l-L:Bij)
 

fw MT RT ;=1 j=1
 

or (3.4) 

fw H = fw MY exp(-~J.lwH-MT / RT) 

Where fwMY is the fugacity of water in empty hydrate lattice. It can be obtained 

from the difference between the chemical potential of water in the hydrate empty 

lattice and the pure liquid water, given by equation (2-16) as follows, 

o 0 0 0

f MT ~ MT-L ~ MT-L T ~H MT-L p ~v MT-L 
In w = -,-Ji--:..:.w = J.lw ° - f w dt + f w dP (3.5) 

fw LO RT RT TO RT2 
pO RT 

or 
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o 

In the above equation the fugacity of pure water fw L can be calculated by using 

any suitable thermodynamic model, however in the present work Trebble-Bishnoi 

equitation of state (Trebble and Bishnoi, 1987; 1988) is used, even when the 

temperature is lower than the freezing point temperature of the liquid phase. 

Addition of methanol, ethylene glycol, diethylene glycol and triethylene glycol 

to the liquid phase will alter the prevailing structure in the aqueous phase. As a 

result, there will be depression in the hydrate formation temperature compared to 

that of pure water. 

3.2 Computational Procedure 

The computational procedure to calculate the incipient hydrate formation 

conditions is shown in Figure 3-1. At a given temperature and feed composition 

which includes water, inhibitor and gas, an initial guess of pressure is supplied to 

the program. In order to calculate hydrate formation pressure, the fugacity of the 

water in the liquid phase is calculated by performing an isothermal-isobaric flash 

calculation satisfying equation (3.1). The fugacity of water in the hydrate phase is 

also calculated at this condition of temperature and pressure using equation (3.4) 

and (3.5). If these calculated fugacities are (within specific tolerance) satisfying 

equation (3.3), the estimated pressure is the incipient hydrate equilibrium 
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pressure at specified temperature, otherwise the pressure must be updated using 

an updating procedure. The tolerance chosen in this work is 10-13 . 

The most effective way of finding the roots of nonlinear equations is to devise 

an iterative scheme, which starts at an initial estimate of a root and converges to 

the "exact" value of the desired root in a finite number of steps. In this work the 

Newton Raphson method is used for the following function: 

(3.6) 

the procedure is as such that a value of x will be considered so that (f(x) = 0). 

df(x)
f(x) = f(xold) +-- x (x - Xold )=0 (3.7)

dx 

df(x) f(xold + Ax) - f(xold)
= (3.8)

dx (Ax) 

The outlined computational procedure must be repeated to satisfy the isofugacity 

criterion (equation 3.3). Then the concentration of inhibitor must be checked to 

ensure it is equal to the value defined by the user, otherwise the feed 

composition must be updated and the procedure is repeated again. 
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Read input (fl, feed composition, 
inhibitor concentration) 

No 

Update feed 
comoosition 

No 

Incipient hydrate formation P 

Figure 3-1 Computational procedure for calculating the incipient hydrate 
formation condition 
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3.3 Estimation of Interaction Parameters for an Equation of State 

Equations of state are widely used for the calculation of phase equilibria and 

mixture properties. The incorporation of the interaction parameters in an equation 

of state will improve the correctional flexibility to represent behavior of the 

system. An equation of state may not be capable of predicting the phase 

behavior of some mixtures without systematic deviation. The reason could be in 

the errors in measurements or the model imperfection itself. The best fit of the 

model prediction to the experimental data could be possible by using a model, 

which utilizes all the available information and reduces the uncertainty of the 

parameters. Binary VLE data are usually needed for adjusting interaction 

parameters (Englezos et aI., 1993). However in this study, the experimental 

solubility data as well as the hydrate equilibrium data available in the literature 

are used. 

3.3.1 Estimation of Interaction Parameters by Using Vapor Liquid, 

Solubility and Hydrate Equilibrium Data 

In the present work the method of (Englezos et aI., 1993) (using vapor-liquid 

equilibrium data) is used to estimate the interaction parameter in the system of 

water-ethylene glycol. The available solubility data for the systems of (propane

ethylene glycol, methane-diethylene glycol, methane-triethylene glycol, ethane

triethylene glycol and propane-triethylene glycol) are used to estimate the 

interaction parameters by a method which will be presented in section 3.3. 3. 
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In the case of (water-diethylene glycol and water-triethylene glycol) systems 

where no vapor-liquid equilibrium data are available or the solubility data are 

given at very low pressures in the open literature, the procedure outlined in 

section 3.3.4 (using hydrate equilibrium data) is used. 

3.3.2 Estimation of Interaction Parameters Using Binary VLE Data 

The vapor-liquid data mostly available in the literature are measurements of four 

state variables as temperature (T), pressure (P), vapor (y) and liquid (x) mole 

fraction of one of the components, all at equilibrium. By considering C as an error 

in measurements, the true values of this state variable have the following 

relations with the experiments: 

A 

Xi = xi +Cx,i i=1, ... ,N (3.9) 

A 

Y i=Yi+Cy,i i=1, ... ,N (3.10) 

1\ 

Ti =1j +cr,i i=1, ... ,N (3.11 ) 

A 

i=1, ... ,N (3.12) 

where &. i are the corresponding errors in the measurements and N is a set of, 

vapor-liquid equilibrium data. A thermodynamic model can be considered as a 

relationship among the above true state variables, a set of unknown parameters, 

(interaction parameter), and a set of known parameters (pure component 

properties) (Englezos et a\., 1993). By giving the above information and using a 
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thermodynamic model, the objective is to determine the interaction parameters 

by matching the experimental data with model predictions. 

3.3.2.1 Implicit Least Square Estimation Procedure 

As it was mentioned before, an equation of state may not be capable of 

predicting the phase behavior of certain mixtures without systematic deviations. 

These deviations may be larger in magnitude than the experimental error. 

(Englezos et aI., 1993) proposed a Least Squares (LS) estimation procedure in 

which the best interaction parameters estimated as a curve fitting method rather 

than in a statistical sense. The objective of their method was to determine a set 

of interaction parameters, which yields an acceptable fit. They have chosen the 

following Ls estimation procedure: 

N 2 [ L v] 2 

SLS(K) =I I qij In!ij -In!ij (3.13) 
i=l j=l 

The interaction parameters can be obtained by minimizing the above objective 

function. Where qij are set equal to unity. 

3.3.3 Estimation of Interaction Parameters Using Solubility Data 

The solubility data mostly available in the literature are measurements of three 

state variables as temperature (T), pressure (P) and liquid mole fraction (x) of 

one of the components, all at equilibrium. These experimental solubility data 

were used to obtain the binary interaction parameter ka ij' which appear in the 
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mixing rules of the Trebble-Bishnoi equation of state (Equations 2.19 to 2.23). 

The procedure to estimate the best value of interaction parameter is shown in 

Figure 3-2. At the given temperature and pressure the isothermal-isobaric flash 

calculation is performed at an assumed interaction parameter (kaij)' If the liquid 

mole fraction calculated from flash calculation is equal to that of experimental 

value, the assumed interaction parameter (kaij) will be chosen as the best 

interaction parameter, otherwise a new guess of the interaction parameters is 

chosen. 
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Read input cr, P, 
feed composition) 

Initial guess for ka i· 

Perform flash @ 
cr, P) 

Figure 3-2 Computational procedure using experimental solubility data for 

estimation of interaction parameter 
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3.3.4 Estimation of Interaction Parameters Using Hydrate Equilibrium Data 

In the case in which vapor-liquid equilibrium data or solubility data was not 

available, it is decided to use the hydrate equilibrium data to estimate the 

interaction parameter (kaij). At a given experimental temperature the best 

interaction parameter is assumed in which the predictive incipient point 

calculation gives the pressure close to the experimental pressure. The procedure 

is shown in Figure 3-3. 

3.3.5 Parameter Estimation 

The experimental VLE data on water-ethylene glycol system (Trimble and Potts, 

1935) were used To estimate the best interaction parameter. The Implicit Least 

square estimation procedure of Englezos et al. (1993) was used. For this system, 

use of only one parameter, kaij is found to be acceptable. The interaction 

parameter kaij was selected over kbij I kCij orland kdij because it gives the 

"best" results. Using a value of -0.0178 for the ka obtained by LS estimation, the 

isobaric-isothermal flash computations were performed. These vapor-liquid 

equilibrium predictions are shown in Figure 3-4. The calculated values of the 

liquid and vapor mole fractions at constant temperature and pressure were found 

to agree better than other single or combination of interaction parameters, with 

the experimental data. 
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8 
Read T, feed
 
comoosition
 

Initial guess ka u 

Update kaij 

NO 

Figure 3-3 Computational procedure using hydrate equilibrium data for 

estimation of interaction parameter 
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The experimental solubility data of Jou et al. (1994) for propane-ethylene 

glycol and methane-diethylene glycol and of Jou et al. (1987) for methane

triethylene glycol, ethane-triethylene glycol and propane-triethylene glycol were 

used to estimate the best value of interaction parameter (ka ij ). The procedure 

shown in Figure 3-2 is used for estimation and the results are shown in Table 3

1. For propane-ethylene glycol, ethane-triethylene glycol and propane-triethylene 

glycol systems, a sharp shift occurs between vapor-liquid and liquid-liquid 

equilibria at lower temperatures. At higher pressures liquid propane gas-rich 

phase is in equilibrium with the liquid glycol phase. In such cases a software 

package for multiphase equilibrium with gas hydrate computations, MEGHA (a 

computer software package supported by Megha technologies), is used to 

perform three-phase flash calculations. Otherwise a two-phase flash calculation 

is performed. 

At each experimental temperature the best estimated interaction parameter, 

which gives the smallest deviations between experimental and predicted 

solubilities at different pressures, is calculated. The values obtained at different 

temperature's for propane-ethylene glycol, methane-diethylene glycol, methane

triethylene glycol, ethane-triethylene glycol and propane-triethylene glycol are 

shown in Figures 3-5 to 3-9. As seen from the plots a linear relation exists 

between the interaction parameter and temperature. For each system a linear 

correlation was fitted to the data. The interaction parameters calculated from the 

linear correlation were then used to predict the experimental solubility data at 
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different temperatures for the systems. The prediction results are shown in 

Figures 3-10 to 3-14. The predicted solubility values are in good agreement with 

the experimental values over the wide range of temperature and pressure. 

For the binary systems of water-diethylene glycol and water-triethylene glycol 

the experimental solubility data are available (Porter et aI., 1950) at very low 

pressures. It was not possible to use these data to estimate the equation of state 

interaction parameter(s). In such cases the experimental hydrate equilibrium data 

are used to estimate the best interaction parameter between components in 

these binary systems. For the system of water- triethylene glycol, the 

experimental hydrate equilibrium data of (methane-aqueous solution TEG

hydrate, ethane-aqueous solution TEG-hydrate) are used. By performing the 

procedure outlined in Figure 3-3, at each experimental temperature a value of 

interaction parameter is chosen so that the calculated incipient pressure is close 

to the experimental pressure. The average of these interaction parameters 

obtained at different temperatures is considered as the best interaction 

parameter. The value of -0.024 is considered as the best interaction parameter 

between water and triethylene glycol. For the system of water-diethylene glycol 

the same estimation procedure is used and the experimental hydrate equilibrium 

data of (methane-aqueous solution DEG-hydrate, ethane-aqueous solution DEG

hydrate) are used. The best interaction parameter between water and diethylene 

glycol is considered as -0.09. 
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Binary System Data Type and Interaction Parameter Source of 

Source Parameters 

Ka- 0.4284 Trebble, 1988 CH4 -HzO 
Kt, = -0.1727
 

K1 = -1.2266
 

CzH 6-HzO K1= -0.2611 ± 0.3 % Englezos, 1990
 

C3H g-HZO K1= -0.1652±1.4% Englezos, 1990
 

CH4 -CH3OH K1= -0.2945 ± 2.3% Trebble, 1988
 

C2H 6-CH3OH Kt,= -0.3188 ± 8% Englezos, 1990
 

K1= - 0.9099 ± 6.7%
 

C3H g-CH3OH Ka= 0.1612±6.1% Trebble, 1988
 

K1= - 0.3250 ± 7.5%
 

H 2 O-CH3OH Kt,- 0.0947 Trebble, 1988
 

H zO-CzH 6OZ	 
VLE( Trimble et aI., Ka- - 0.0178 This work.
 

1935)
 

s (Jou et aI., 1994) Ka= (T-362.49)/515 This work.
C3H g -CZH 60 2
 

H ZO-C4H 120 3 H (This work.) Ka= - 0.09 This work.
 

H (Servia et aI., Ka= - 0.024 This work.
HZO-C6H1404 
1997)
 

S (Jou et aI., 1994) Ka- (T-391.7)/503.98 This work.
CH4 -C4H 120 3 

S (Jou et aI., 1987)	 Ka= (T-417.44)/633.8 This work.CH4 -C6H 140 4
 

S (Jou et aI., 1987) Ka= (T-343.99)/811.32 This work.
CzH6-C6H1404
 

S (Jou et aI., 1987) Ka=(T-333.28)n94.35 This work
 C3H g- C6H 1404 

Table 3-1 Binary interaction parameters for Trebble-Bishnoi equation of state. 
Temperature in K. The data types VLE. 8. H represent vapor-liquid. solubility and hydrate 
equilibria. 
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3.4 Results and Discussion 

Several researchers have reported different values for the thermodynamic 

reference properties required in Equation (3.5). These values are summarized in 

Table 2-2 in Chapter 2. The accuracy of the predictions of gas hydrate formation 

conditions not only depends on the assumptions associated with the 

thermodynamic model but also on different parameters, which are needed in 

those models. In the present work, the following values are used for the 

thermodynamic reference properties (Englezos et aI., 1991): for structure 

hydrates, !J.pw 
o 
=1289.5 (J/mol), and Mlw 

0 

= - 4327.0 (J/mol). The corresponding 

values for structure II hydrates are 893.0 (J/mol) and - 4986 (J/mol). The 

following parameter values were used for both structures: !J.CPw 0 = - 38.13 (J/mol 

K) and p = O.141( J/mol K 2 
). 

3.4.1 Single Gas Hydrates 

As mentioned in Chapter 1, the inhibiting effects of methanol, ethylene glycol and 

triethylene glycol on methane, ethane and propane gas hydrates have been 

investigated experimentally by previous researchers. The method presented in 

this Chapter is used to predict these hydrate formation results. The experimental 

and predicted hydrate equilibrium conditions are shown in Figures 3-15 to 3-22. 

The sources of experimental data are presented in the Figures. Each solid curve 

represents the predictions. The accuracy of the predictions as compared to the 

experimental data is shown in Figures 3-23 to 3-30. As can be seen, the 

I 
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predictions agree well with the experimental data. For these systems the 

maximum and smallest percent deviation between the experimental and 

predicted values are obtained as follows: 

0/0 D .. Pexp - PPred *100/'( eVlatlOn =-~--- (3.14)
Pexp 

in the above equation, Pexp andppred represents experimental and predicted 

pressures respectively. The maximum and minimum absolute deviation between 

the experimental data and the predictions are shown in each graph. It can be 

concluded that the methodology represented in this Chapter is capable of 

representing the hydrate incipient data well. 
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Chapter 4 

Experimental Study of the Hydrate Formation Conditions in the 

Presence of Inhibitors 

In this Chapter the experimental apparatus which was used is presented. Also a 

background is given on the previous experimental studies. The presentation 

concerns the methods which various researchers used to perform hydrate 

equilibrium experiments. While theoretical methods have changed appreciably, 

the experimental methods have remained relatively stable. 

4.1 Background on Gas Hydrate Experimental Methods 

Numerous experimental studies on natural gas hydrates and their mixtures were 

performed in industry and academia during the last 60 years, following the 

discovery of gas hydrates in 1810 by Davy. The main concerns of these studies 

were to find out the species in natural gas, which contribute to hydrate formation 

and hydrate formation conditions. Finding the conditions under which a natural 

gas pipeline could be plugged due to gas hydrate formation was the main 

objective of all the research. 

There are two different methods for the determination of the incipient 

hydrate formation temperature and pressure; visual and non-visual methods. The 

method used depends on the ability of the researcher to observe the formation 

and decomposition of the natural gas hydrate crystals. In the non-visual method, 
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isochoric operation of the hydrate formation is carried out by lowering the 

temperature of the closed cell. An isochoric cooling of the gas and liquid causes 

the pressure to decrease slightly. Marshall et al. (1964) developed a method 

based on this behavior. The cell is filled with water and pressurized with the 

hydrate forming gas to a pressure above the hydrate forming condition at that 

temperature. Then the system is cooled till the hydrate is formed. The pressure 

will drop significantly due to hydrate formation. At this time the temperature is 

raised. These cooling and heating procedure are computer controlled. On a 

pressure-temperature plot, the hydrate dissociation point is taken as the 

intersection of the hydrate dissociation trace with the initial cooling trace. 

4.2 Visual Methods 

The visual methods consist of conducting the experiments under isobaric or 

isothermal conditions. The methods may use temperature search or pressure 

search to determine the hydrate formation condition. 

4.2.1 Isobaric Operation (Temperature Search Method) 

In this method a cell, which is equipped with a window for visual observation, 

containing water, is immersed into a temperature controlled bath. The standard 

procedure is to pressurize the cell to a pressure at a temperature above the 

hydrate forming conditions. Encapsulation of the gas in the hydrate decreases 

the pressure to the three-phase (Lw -H-V) condition. To keep the pressure 
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constant, an external source is used to substitute the gases exchanged among 

the phases. Next step is to cool the system at constant pressure to a temperature 

well below the equilibrium condition to induce the hydrate nucleation. Once 

hydrate crystals appear, the cell is slowly heated (isobarically) up to a point 

where all the hydrates decompose. The procedure is repeated to form hydrate. 

This time the nucleation will occur easily because of the enhanced degree of the 

structurilization of the water. After only a small amount of the hydrate is formed 

the temperature is raised to a point where the hydrate dissociation starts. Under 

isobaric dissociation the temperature will remain constant for a simple hydrate 

former until the hydrate phase is depleted. These conditions will be considered 

as a hydrate incipient point, because by the small change in the temperature the 

hydrate starts decomposition. 

4.2.2 Isothermal Operation (Pressure Search Method) 

In an isothermal operation the gas-liquid system is originally set at a pressure 

greater than the equilibrium pressure at a fixed temperature. As hydrates are 

formed the pressure is reduced to a value below the equilibrium pressure. The 

method of reducing or increasing the pressure depends on the design of the cell. 

If the cell is a constant volume cell, the pressure change is made by adding or 

reducing the gas. If the cell is a variable volume cell, the change in pressure is 

accomplished by changing the cell volume. The pressure is varied above and 

below the equilibrium pressure a few times. The system is then left for a period of 
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time. If the pressure in the cell does not change significantly for 3-4 hours, the 

temperature and pressure conditions are noted as hydrate incipient formation 

conditions. 

Bond and Russell (1949) had followed similar procedures. They studied 

hydrogen sulfide hydrate formation in the pure water and also in the presence of 

methanol. After the hydrate formed, they released the pressure to a point till the 

main parts of the formed crystals are decomposed. This pressure was lower than 

the equilibrium pressure. By keeping the temperature constant, it was observed 

that the pressure of the system is increased over time. After there was no further 

increase in the pressure the additional pressure is bled of the system to cause a 

slight decrease in the pressure. After the system is allowed to stand for some 

time, it is observed that the pressure again rises to the same constant pressure 

that was first observed. This constant, reproducible pressure is taken to be the 

equilibrium pressure. 

In the present study the experiments were conducted in a variable volume cell 

under isothermal conditions using the pressure search method. 

4.3 Experimental Apparatus 

A schematic diagram of the apparatus used for obtaining experimental incipient 

hydrate formation data is presented in Figure 4-1, (Dholabhai et aI., 1996). 

The heart of the apparatus is a high-pressure variable volume equilibrium cell 

(Parent, 1993 A; Parent 1993 B). A movable piston is used to change the volume 
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of the cell. The cell consists of top and bottom flanges which hold a sapphire tube 

and have ports for charging the solution, thermocouples for temperature 

measurements, gas inleUpressure measurements, and vapor phase sampling. 

Schematic of the equilibrium cell is shown in Figure 4-2. A stir bar is used to mix 

the cell content, which is coupled with a rotating magnet mounted on a shaft of a 

DC motor located underneath the cell. This motor which has a rpm controller, 

provides the rotation of the magnets. Schematic of the stirring arrangement is 

shown in Figure 4-3. 

A pressure gauge and a differential pressure transmitter (DP) are used to 

measure the pressure of the cell (see Figure 4-1). The low-pressure side of the 

DP is open to the atmosphere. The DP is calibrated against a dead weight tester. 

The span of the DP is 11 MPa with a combined accuracy of 0.25% of the span. 

The temperatures in the cell are measured with thermocouples calibrated against 

a standard probe in the range of 262-290 K with the standard deviation of the 

least-squares fit of 0.10 K. The signals from the DP and thermocouples are 

acquired by a data acquisition system driven by a personal computer (PC). The 

pressure and temperature data, which are monitored by using the data 

acquisition system, are saved at preset sampling intervals on a computer storage 

disk. A software package (Crosstalk) is used to establish communication 

between the PC and Minisafe data acquisition system. 

The equilibrium cell is immersed into a constant-temperature bath. The set 

point of the temperature controller of the refrigerated bath can be changed in 
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multiples of 0.1 K. A refrigerated 50-50% ethylene glycol water solution is used 

as the circulating coolant. Two pumps (pump 1, Pump 2 in Figure 4-1) are used 

for the circulation of the glycol-water mixture. When the refrigerator level is high, 

the supply pump (pump 2) will be turned off and the glycol is pumped from the 

refrigerator to the cell bath. When the refrigerator level is low, the return pump 

(pump 1) will be turned off and the glycol is pumped from the cell bath to the 

refrigerator. Using a level control system prevents the overflow of the refrigerator 

tank. The solenoid valves (s1, s2) are provided in the supply and return lines of 

glycol. Whenever there is a power failure in the system, the solenoid valves shut 

off the lines to prevent any back flow of glycol. 
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4.4 Experimental Procedure 

Appropriate quantities of the glycols are weighed on a top loading mettler 

balance with a readability of 0.001 g and added to a weighed quantity of water. 

The cell is rinsed with distilled water and also the experimental solution. The 

cell is flushed with the gas from the cylinder repeatedly. An amount of 15 cc of 

the prepared solution is charged into the cell. Generally, four experiments are 

performed at increasing temperatures for each solution. The experimental data 

for the different systems are obtained using the "pressure search" procedure 

(Bishnoi and Dholabhai, 1993). The hydrate formation procedure is shown in 

Figure 4-4 for methane- water- 25% diethylene glycol system. 

The presence of hydrates in the cell is detected visually in the equilibrium cell. 

In this method, the temperature of the system was kept constant by using the 

temperature-controlled bath. Once the solution in the cell reaches the desired 

temperature, the pressure in the cell is raised sufficiently above the estimated 

equilibrium pressure (point A in Figure 4-4). The hydrates are allowed to form. 

There is a pressure drop during the hydrate formation (point A to B). The 

pressure is then lowered by moving the cell piston to a value slightly lower than 

the expected equilibrium pressure (point C) to decompose the hydrates. The 

pressure will increase during the hydrate decomposition (point D). Again the 

pressure must be re adjusted to a lower value than point B (point E). The 

procedure is repeated once more (points E, F,G, and H). Then the hydrates are 

formed again (point I) and the equilibrium pressure is established. The steady 
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pressure and temperature at which a small quantity of the hydrates remains 

stable for an extended period of time 3-4 hours (point I to J) are taken as the 

equilibrium condition. The pressure of the system is lowered by 50 kPa (point K) 

to confirm that all the hydrates decomposed (point H). The temperature of the 

solution is increased and the procedure is repeated to obtain another equilibrium 

data. 

4.5 Experimental Results, Predictions and Discussion 

As it was mentioned in Chapter 1 the inhibiting effects of ethylene or diethylene 

glycol for the propane hydrates have not been investigated experimentally or 

theoretically. It was also mentioned the hydrate formation for methane and 

ethane in the presence of diethylene glycol has not been studied. In this Chapter, 

the inhibiting effects of ethylene and diethylene glycol on the hydrate formation 

from methane, ethane and propane gases are presented. Also the method 

presented in Chapter 3 is used to predict hydrate formation conditions in the 

presence of these inhibitors. 
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4.5.1 Propane Systems 

Experimental data for propane system has been obtained with different 

concentrations of ethylene glycol and diethylene glycol. The concentration of 

ethylene glycol and diethylene glycol reported in the following sections is in mass 

percent (wet basis) in the liquid phase. The following section will give a 

discussion on the obtained data. 

Ethylene Glycol Systems 

Experimental data on propane hydrates in 10,15 and 30 mass % (nominal) 

ethylene glycol are experimentally obtained in the temperature range of 264-275 

K using the "pressure search method". The hydrate equilibrium data are 

presented in table 4-1. The results are also presented graphically in Figures 4-5 

to 4-7 together with the experimental data for the hydrate formation in pure water 

obtained from literature. Each solid curve represents the predictions using the 

method presented in Chapter 3. Dotted lines show the error bounds for the data 

points. As seen from these Figures, the calculated results are within the error 

bounds. The accuracy of the predictions as compared to the experimental data is 

shown in Figure 4-8. For this system the maximum and minimum absolute 

deviation between the experimental data and the calculated hydrate formation 

pressure are 8.04 and 2 present respectively. The predictions are in good 

agreement with the experimental data. 
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Solution ID Ethylene TI K P/kPa TIl K pII kPa 

glycol mass % 

Pro1_EG10 9.96 273.81 311.2 273.98 300.8 

Pro2 EG10 9.96 274.48 412.8 274.78 378.8 

Pro3 EG10 9.96 272.37 215 272.63 192.3 

P1 EG15 14.99 271.42 210.1 271.42 199.4 

P2 EG15 14.99 272.46 303 272.58 294.5 

P3_EG15 14.99 273.79 426.7 273.78 395 

P1 EG30 29.96 264.87 253.6 264.95 240.6 

P2 EG30 29.96 266.07 280.1 266.02 259.3 

P3 EG30 29.96 265.23 240.7 265.35 196.9 

P4 EG30 29.96 264.71 192 264.69 174.8 

P5_EG30 29.96 266.39 304.4 266.58 281.6 

1 Denotes "no hydrate point", i. e. under these conditions all the hydrates 

decomposed 

Table 4-1 Experimental hydrate equilibrium conditions for propane in aqueous 

solutions of ethylene glycol 
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Diethylene glycol Systems 

Equilibrium data (gas-aqueous solution-hydrate) have been obtained for propane 

gas in the presence of 10,15 and 30 mass % (nominal) diethylene glycol 

Solutions. These experiments were performed in the temperature range of 268

276 K. The results are shown in Table 4-2. Also Figures 4-9 to 4-11 show the 

experimental and calculated inhibiting effects of various solutions of diethylene 

glycol on propane gas hydrate formation graphically. Solid lines and dotted lines 

represent the predictions and error bounds respectively. As can be seen from 

the Figures all the predicted values are within the experimental error. The 

accuracy of the predictions as compared to the experimental data is shown in 

Figure 4-12. The maximum and smallest percent deviations for this system are 

13.43 and 0.83 Percent respectively. It is concluded that the predictive method of 

Chapter 3 can represent the experimental hydrate formation data in the present 

of diethylene glycol well. 
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Solution 10 Ethylene TI K P/kPa TIl K pII kPa 

glycol mass % 

P1DEG10 9.97 273.94 236.1 273.94 231.1 

P2DEG10 9.97 274.9 314.1 275.05 293.5 

P3DEG10 9.97 275.54 387 275.77 363.7 

P4DEG10 9.97 272.84 178.2 272.87 167 

P1DEG15 14.984 273.99 304.1 274.22 273.3 

P2DEG15 14.984 274.78 385.5 274.83 355.2 

P3DEG15 14.984 275.17 397.7 275.05 377.7 

P4DEG15 14.984 272.62 235.4 272.89 210.3 

P5DEG15 14.984 271.77 180.9 271.91 161.1 

P1DEG30 29.915 269.5 246.1 269.8 238.7 

P2DEG30 29.915 268.78 198.4 269 178 

P3DEG30 29.915 268.16 181.6 268.39 164.20 

1 Denotes "no hydrate point", i. e. under these conditions all the hydrates 

decomposed 

Table 4-2 Experimental hydrate equilibrium conditions for propane in aqueous 

solutions of diethylene glycol 



100 

800 -,-------------------------, 
X	 Miller,B.,Strong,E.R.(1946) 
+	 Reamer,H.H.,Selleck,F.T.,Sage,B.H.(1952) 

Verma,V.K.(1974) 
o	 Kubota et al.(1972)

700 [J	 Thakore,J.L.,Holder,G.D.(1987) 
•	 Deaton,W.M.,Frost,E.M.,Jr.(1946) 

Robinson,D.B.,Mehta,B.R.(1971 )
 
A Patil,S.L.(1987)
 
X GRI (Bishnoi et aI., 1996)
 

600	 • Experimental(This work)
 
---TBEOS_Prediction
 
••••• - Propane_vapor pressure
 
~ Series19
--ro	 

o 

a.. 500 
~ .........
 
Q)
 
L
::J 
en en 
~	 400 a.. 

300 

200 

100	 -1-------r--------.-------,-----~ 

262 267 272 277 282 

Temperature(K) 

Figure 4-9 Experimental Hydrate Conditions for DEG-Propane 
compared with the predicted values 



101 

1000 

900 

800 

700 

.......... 
ro 600 
a.. 
.Y. ......... 
Q).... 
::J 500 
en 
en 
Q).... 
a.. 400 

300 

200 

100 

0 
262 

• miller,B.,strong,E.R.(1946)
 
:lie Reamer,H.H.,Selleck,F.T.,Sage,B.H.(1952)
 
+ Verma,V.K.(1974)
 
[] Kubota et al.(1972)
 
A Thakore,J.L.,Holder,G.D.(1987)
 
X deaton,W.M.,Frost,E.M.,jr.(1946)
 
• Robinson,D.B.,Mehta,B.R.(1971)
 
X Patil,S.L.(1987)
 
·z GRI (Bishnoi et aI., 1996)
 

---TBEOS""prediction 
• Experimental(This work) 

---TBEOS_Prediction 
- - - - - - Propane vapor pressure 

[] 

15% DEG 

267 272 277 282 

Temperature(K) 

Figure 4-10 Experimental Hydrate conditions compared with the 
prediction values(15%DEG-Propane) 



---

102 

1000 

900 

800 

700 

--ro 600 
a.. 
~ 

Q) 
' 
:::l	 500 
-0 en en 
Q) 
'-	 400a.. 

300 

200 

100 

0 
262 

•	 Miller,B.,Strong,E.R.(1946) 
•	 Reamer,H.H.,Selleck,F.T.,Sage,B.H.(1952)
 

Verma,V.K.(1974)
 
o Kubota et al.(1972)
 
[] Thankore,J.L.,Holder,G.D.(1987)
 
X Deaton,W.M.,Frost,E.M.,Jr.(1946)
 
+	 Robinson,D.B.,Mehta,B.R.(1971) 
b. Patil,S.L.(1987)
 
X GRI (Bishnoi et aI., 1996)
 
•	 Experimental(This work) 

---TBEOS_Prediction 
•••••• Propane vapor pressure 

30%DEG 

267 272 277 282 

Temperature(K) 

Figure 4-11 Experimental Hydrate conditions compared with 
predicted values(30%DEG-Propane) 



103 

450 

III 

.10%DEG400 
III 15%DEG 

A30%DEG 

350 .........
 
ro 
a.. 
.:£ 
'-' 
Q) 
L
::J 300 
(J) 
(J)
 
Q)
 
L

a.. 
"0 
Q) 250 
~ 

<..> 
"0 
Q) 
L- A 
a.. III 

200 

150 

100 -r------r----r--------r----r------r-----r---~ 

100 150 200 250 300 350 400 450 

Experimental Pressure(kPa) 

Figure 4-12 Comparison of experimental and predicted hydrate 
equilibrium pressures for propane gas in aqueous solutions of 
diethylene glycol 



104 

4.5.2 Ethane System 

Diethylene glycol Systems 

Three phase equilibrium data conditions of ethane in diethylene glycol solutions 

containing 10,15 and 25 mass % (nominal) have been measured in the 

temperature range of 272 to 283 K. Table 4-3 shows the obtained data. The 

experimental and predicted ethane hydrate equilibrium conditions are shown in 

Figure 4-13 to 4-15. Since the experimental errors for this system are much 

smaller than the scale of Y-axis, they are not shown in the Figures. The accuracy 

between the calculated and the experimental pressures is illustrated in Figure 4

16. The maximum and minimum percent deviations were 10.37 and 0.79 per cent 

respectively. The prediction model was capable of acceptable predictions for 

different diethylene glycol concentrations as can be seen from the Figures. 

4.5.3 Methane System 

Diethylene glycol Systems 

The experimental data for methane/diethylene glycol system are plotted in Figure 

4-17 to 4-19 at 10,15 and 25 mass percent (nominal) solution of diethylene 

glycol. Predictions using the methodology presented in Chapter 3 are shown in 

these Figures (solid lines) to illustrate the inhibiting effects of the solutions 

theoretically. The hydrate equilibrium data are shown in Table 4-4. The 
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experimental errors for this system are also much smaller compare to the scale 

of Y-axis, they are omitted from Figures. The comparison of the predictions with 

the experimental data is also shown in Figure 4-20. The maximum and minimum 

percent deviations were 4.37 and 0.87 % respectively. As seen from the Figures 

results are in good agreement with the experimental data. 
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Solution ID Ethylene TI K P/kPa TIl K pII kPa 

glycol mass % 

ET1DEG10 9.98 275.37 703.7 275.5 663.3 

ET2DEG10 9.98 277.86 956 277.91 912.9 

ET3DEG10 9.98 279.32 1182.7 279.75 1161 

ET4DEG10 9.98 280.72 1383.6 280.7 1360.3 

ET5DEG10 9.98 272.38 1793.5 282.4 1763.6 

ET1DEG15 14.97 279.77 14.80.8 280.02 1375.6 

ET2DEG15 14.97 274.83 679.5 274.73 654.7 

ET3DEG15 14.97 277.43 1034.2 277.57 999 

ET4DEG15 14.97 281.7 1661.5 281.49 1643.9 

ET5DEG15 14.97 282.77 2069.9 282.74 2029.5 

ET1DEG25 24.836 279.22 1650 279.25 1612.3 

ET2DEG25 24.836 277.27 1251.6 277.22 1220.6 

ET3DEG25 24.836 275.16 889.4 275.1 870.2 

ET4DEG25 24.836 281.21 2292.9 281.26 2264.9 

1 Denotes "no hydrate point" I I. e. under these conditions all the hydrates 

decomposed 

Table 4-3 Experimental hydrate equilibrium conditions for ethane in aqueous 

solutions of diethylene glycol 
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Solution 10 Ethylene TI K P/kPa TIl K pil kPa 

glycol mass 

% 

MET1DEG10 9.989 275.41 3457.4 275.52 3426.9 

MET2DEG10 9.989 277.55 4445.2 277.67 4380.1 

MET3DEG10 9.989 273.01 2623.9 273.11 2587.9 

MET4DEG10 9.989 270.73 2033.5 270.84 1982.5 

MET1DEG15 14.99 274.25 3592.7 274.24 3513.6 

MET2DEG15 14.99 269.72 2171.9 269.82 2135.6 

MET3DEG15 14.99 272.02 2819.5 272.04 2782.4 

MET1DEG25 24.94 268.25 2453.2 268.24 2458 

MET2DEG25 24.94 267.14 2046.5 267.11 2071.6 

MET3DEG25 24.94 271.09 3154.2 271.14 3113 

1 Denotes "no hydrate point", I. e. under these conditions all the hydrates 

decomposed 

Table 4-4 Experimental hydrate equilibrium conditions for Methane in aqueous 

solutions of diethylene glycol 
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Figure 4-17 Experimental Hydrate conditions compared with 
predicted values(1 O%DEG-Methane) 
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Figure 4-18 Experimental Hydrate conditions compared with predicted 
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Chapter 5
 

Conclusions and Recommendations
 

5.1 Conclusions 

An experimental apparatus was used to measure the incipient hydrate formation 

conditions in hydrate forming systems. The hydrate equilibrium formation data for 

methane, ethane and propane gas in aqueous solutions of ethylene glycol and 

diethylene glycol are determined using the apparatus. forty-six experiments were 

performed in the temperature range of 264-283 K and pressure range of 0.181

3.6 MPa. A predictive methodology is used to predict the incipient hydrate 

formation of the experimental data obtained in this work as well as the available 

data in the literature, for gases as methane, ethane and propane in the presence 

of methanol, ethylene glycol, diethylene glycol and triethylene glycol. The 

maximum and smallest absolute deviation between the experimental and the 

predicted values were found to be 13.43 for propane-DEG and 0.18 for propane

TEG systems respectively. 

The interaction parameters required in Trebble-Bishnoi equation of state are 

obtained using different procedures. In the case where vapor liquid equilibrium 

data were accessible, the method proposed by Englezos et al (1993) is used to 

estimate the interaction parameters. A procedure is used to estimate the 

interaction parameters in the case where the experimental solubility data were 

available. In this case the obtained interaction parameters had a linear relation 
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with temperature. Hydrate equilibrium data are used when no experimental data 

were available among systems in the open literature. By using the best 

interaction parameters obtained from the above methods and performing the 

hydrate formation calculation, the predictions generally compare well with the 

experimental data. 

5.2 Recommendations 

The experimental study of hydrate formation in the presence of inhibitors should 

be continued. It is suggested to investigate the hydrate equilibrium data of 

mixture of gases in the presence of glycols, since these inhibitors are used 

extensively in the dehydration of natural gases. These experimental data are also 

useful for improving methods for predicting the natural gas hydrate formation. 

For better prediction of hydrate equilibrium conditions, the assumptions made in 

hydrate thermodynamic phase (van der Waals and Platteeuw) should be 

improved, especially for Langmuir constant calculation, the more realistic 

assumptions must be considered. 

The calculation method in this work should be extended to the case where a 

second liquid phase containing hydrocarbon is also present. 
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Trebble-Bishnoi Equation of State 

p = RT _ a
 
V -b V 2 +(b+c)V -bc-d2
 

where the parameters are given as: 

B=	 bP
 
RT
 

c= cP
 
RT
 

D=	 dP 
RT 

a =exp [ql (1-T r )] 

T r< 1.0 

fJ =1 

qI =0.66208 + 4.63961m + 7A5183a/ m < -0.10 

qI =-0.31913	 m < -0.35 & Tr < 1.0 

qI =0.35 + 0.7924m +0.1875m 
2 

- 28.93(0.3 - zc) 2 

-0.10~m<OAO 

qI =0.32 + O.9424m - 28.93(0.3 - Zc) 2 
m > OAO 
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OJ < -0.0423 

q2 =0.05246+1.15058OJ-1.99348OJ 2 + 1.594900J 3 -1.39267OJ 4 

- 0.0423::; OJ < 0.3 

q2 =0.17959 + 0.23471OJ OJ > 0.30 

The additional parameters, which required for mixtures are 

am =LLxjxjaij 
j j 

bm =LLXjxjbij 
j j 

Cm =LLXjXjcij 
j j 

dm =LLXjxjdij 
j j 

d j +d j

d·· = (I-Kd··)


lj 2 lj 

The fugacity coefficients of pure substances are given as follows, 

T~OInl!1 =z-I-ln(z-B)+~Al
P BO
 

Inl!1 = z -I-In(z -B) +~A2
 T<O 
P BO 



137 

Where, 

r~O 

r<O 

, _ I 2z + B(u - B)
/1,1 - 0 

2z + B(u + B) 

, 2 -1(2Z +UB)/1,2 = tao -~ 
BB 

c 
U =1+

b 

The partial fugacity coefficients for a mixture are given as follows, 

Am [ zBmnBd + 0.5Bm 
2 

(unBd - (JnUd ] 
r ~ 0 and 

BmB z2 +(Bm +Cm)z-(BmCm +Dm
2) 
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2
Am [ zBmnOd + a.SBm (unOd - Bnud ]
 

2BmO z2 +(B +Cm)z-(BmC +D )
 m m m

r < a and 

where, 

B = bmP 
m RT 

C =CmP 
m RT 

ad = 2Lnjaij 
j 

bd =2Lx j bij - bm 
j 

Cd =2LXj Cij -cm 
i 
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dd =2L:>.d.. -d 
. I IJ m 
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