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ABSTRACT

As energy demands continuously increase, oil and gas �elds delve into ultra-deep water, which leads

to severe operating conditions in terms of pressure, temperature,and water salinity. These conditions

pose signi�cant 
ow assurance challenges, especially gas hydrate formation and scale deposition. Reliable

prediction of hydrate phase equilibrium at extreme conditions, in terms of high salinity and high pressure, is

necessary for development and operations in ultra-deep water oil and gas production. However, according to

the literature review, no open literature studies exist for the hydrate phase equilibria in brine systems above

69 MPa (10,000 psia) due to the challenges associated with experimental designs, safety issues and pitting

corrosion problems. As a result, current hydrate prediction tools commonly used are not fully benchmarked

and become unreliable at the extreme conditions of very high pressureand high salinity.

In this study, experimental data on methane hydrate phase equilibria containing electrolytes, sodium chlo-

ride (NaCl), potassium chloride (KCl), and ammonium chloride (NH 4Cl) were measured for concentrations

up to about 10 wt% at pressure below 10.3 MPa through both isochoric and di�erential scanning calorimetry

(DSC) method with stepwise heating. The results from both methods show good agreement with each other,

which proves the accuracy and reliability of experimental methodsand measurements. Moreover, the e�ect

of the cation in the electrolyte on the hydrate inhibition strength is identi�ed through the measurements,

showing that hydrate inhibition strength by the sodium cation was slightly stronger than that of potassium

and ammonium cations due to smaller ionic size for Na+ .

With validating the reliability of both methods used for measurement of hydrate phase equilibria and

identifying the limitation of DSC method in salt concentration, a un ique system capable to operate up to

207 MPa has been designed and set up considering safety issues and corrosion problems to measure hydrate

dissociation conditions with isochoric method. Due to no data in open literature, the measurements of both

structure I and structure II hydrate in single and mixed salts, including NaCl, KCl, CaCl 2, MgCl2 and CaBr2,

as well as mixed organic inhibitor and salts, such as MEG and CaBr2, become valuable for benchmarking

existing prediction tools and improving prediction methods. In addition, the increased stability of methane

hydrate at high pressure is discovered through the measurement of methane hydrate phase equilibria with

fresh water. It is explained and understood by studying the e�ect of pressure on macroscopic and microscopic

properties of water, methane gas and hydrate through both thermodynamic calculations and molecular

simulations.

As the interplay of hydrates and salt precipitation is fundamentally i mportant due to the possible co-

precipitation of two solids, both phase behavior and kinetics for gas hydrates formation/dissociation are
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studied by the developed experimental system. The measurements of both three phase (liquid { hydrates {

gas) and four-phase (liquid { hydrates { solid salts { gas) equilibria with under-saturated and over-saturated

NaCl and KCl solutions, separately, elucidates that the equilibrium boundary moves to lower temperature

and higher pressure as the salt concentration increased up to the limit of saturation in the solution, and

was unchanged from the conditions at saturation with four phases (liquid {hydrates { solid solids { gas) in

equilibrium. Moreover, observed unusual in
ection points in the pressure trace as a factor of time for the

kinetic experiments, demonstrating that (i) hydrates can still f orm even with salt precipitated and (ii) the

formation of hydrates and salt precipitation are competing e�ects.

Finally, to bridge the gap between the measured data and its applicability, a simple but robust cor-

relation (Hu-Lee-Sum correlation) has been developed to capture the hydrate suppression temperature at

a given pressure, for not only high salinity brines, but also systemswith mixed thermodynamic hydrate

inhibitors (THIs). Due to its inherent property of generality and si mplicity, it is a useful tool for the 
ow

assurance engineer to accurately estimate hydrate dissociation temperature at given conditions with the

average absolute deviation smaller than 2.0 K.

Therefore, this comprehensive study, including measurementsand prediction of hydrate phase equilibria,

as well as kinetic experiments of hydrate growth rate, at extreme conditions, in terms of high pressure, high

salinity and mixture of inhibitors, plays an important role on ultra-d eepwater oil and gas production which

go beyond hydrate management in pipe 
ow, such as, setting depth of surface-controlled subsurface safety

valve (SCSSV) and identi�cation of e�ective risk mitigation.
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CHAPTER 1

INTRODUCTION

1.1 Gas Hydrates

1.1.1 Gas Hydrates Structures

Gas hydrates, or clathrate hydrates, where the water molecules are hydrogen-bonded in the similar

manner that they are bonded in ice, are formed by the inclusion of guest molecules inside cavities formed

by water molecules [1]. Guest molecules generally consist of light hydrocarbons, such as methane (CH4),

ethane (C2H6) and propane (C3H8), of which occupancy in cavities will help to stable the water network

structure.

All common natural gas hydrates are classi�ed by three unit crystal structures: cubic structure I (sI),

cubic structure II (sII), or hexagonal structure H (sH), as shown in Figure 1.1. The crystal structure of the

gas hydrate will depend on the size of the gas molecule. As simple hydrates, single methane or ethane can

stabilize both the small 512 cavities and the large 51262 cavities of structure I , while the binary gas mixtures

of methane and ethane form structure II at certain conditions [2].

Figure 1.1: Common clathrate hydrate structure[3]
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1.1.2 Importance of Studying Gas Hydrates

Gas hydrates are found in a number of application areas. On one side, in gas storage, hydrates o�er an

innovative opportunity for future energy needs [4, 5]. Moreover, in desalination, hydrates are an appealing

medium for water puri�cation involving low energy processes [6, 7]. Also, in refrigeration, hydrates serve as

an e�ective working 
uids/slurry for e�ecient operation [8].

On the other side, gas hydrates receive considerable attention for thereason that gas hydrates pose a

serious economic and safety concern in petroleum exploration and production operations. The formation of

hydrates in gas and oil pipelines can lead to accumulation of crystalline solids in pipelines, subsea transfer

lines and chokelines, which may eventually block them, causing production loss and placing 
owlines at

a risk for pressure buildup. Not only do plugged 
owlines result in a loss of production, but the plug

remediation can be costly as well as dangerous [9]. Therefore, industry has developed for decades several

methods to prevent hydrate formation and blockages in the pipelines. Apart from dehydration and thermal

insulation, the use of chemical additives called hydrate inhibitor is the most common measure to avoid

hydrate accumulation and plug formation [10]. Moreover, hydrate inhibitor can be classi�ed into three

types in terms of inhibition mechanisms, namely thermodynamic hydrate inhibitors (THIs), kinetic hydrate

inhibitors (KHIs) and anti-agglormerants (AAs). The KHIs do not prevent hy drate formation but delay the

hydrate nucleation and hinder hydrate crystal growth with a certain degree of subcooling [11], but sometimes

the KHIs e�ciency duration is limited and sometimes shorter than the operation needs. AAs allow hydrate

formation but prevent hydrate crystal agglomeration, while they only work if there is a continous hydrocarbon

phase present [12]. The THIs are the well developed and widely used inhibitors to prevent hydrate formation.

Thermodynamic hydrate inhibitors (THIs), such as alcohols, glycols andsalts, prevent hydrate formation by

shifting hydrate phase equilibrium line to lower temperature and higher pressure, which help to move the

operation conditions outside the hydrate stability zone as illustrated in Figure 1.2. Hydrophilic substances,

such as methanol (MeOH), ethanol (EtOH) and mono-ethylene glycol (MEG) areadded to the pipelines in

the oil and gas industry to solve the hydrate formation and plugging problem. The black line shows the

typical conditions experienced in a hypothetical 50 mile sea
oor pipeline from the wellhead to platform in

deep water. The displaced hydrate equilibrium curves indicate the amount of THIs injected in the 
owline

to prevent hydrate formation.

1.1.3 Hydrate Inhibition by Salts

Salts, such as sodium chloride (NaCl), potassium chloride (KCl) and calcium chloride (CaCl2), are hydrate

inhibitors and petroleum production is commonly associated with production of saline formation water. The

action of salts as inhibitor is somewhat di�erent from that of alcohols or glycols. They are known to inhibit
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Figure 1.2: Typical o�shore 
owline system with intrusion into hydr ate region [13].

hydrate formation by lowering the activity of water in the coexistin g liquid phase through strong electrostatic

force, which shifts hydrate phase equilibrium lines to lower temperature and higher pressure compared to

that in pure water [1]. The salts ionizes to cation and anion in solution and interacts with water's dipoles

through electrostatic force. According to Coulomb's law, the hydration strength is mainly determined by

charge density of ions. The ions with high charge density, resulting from large ion charge or small ionic

radius, will cause strong hydrate force, breaking hydrogen bonds and furthermore preventing water from

forming the hydrate structure. Moreover, the presence of cations such as Na+ , K+ , Ca2+ , Mg2+ , and their

counter ainions such as Cl� , Br � , CO2�
3 is responsible for the complex chemistry of produced water in terms

of bu�ering capacity, salinity and scale formation [14].

1.1.4 Deepwater Development

Hydrate formation from high salinity solutions is increasingly important d uring development and produc-

tion of oil �elds at ultra-deep water depths, especially pre-salt production developments in the Gulf of Mexico.

Field developments in ultra-deep water encounter harsher conditions in terms of pressure and water salinity,

posing signi�cant 
ow assurance challenges, as well as di�culties in setting depth of surface-controlled sub-

surface safety valve (SCSSV) and identi�cation of e�ective risk miti gation. The pre-salt reservoirs, a layer

of oil bearing rock of carbonate composition, are positioned below sea level with depths between 5,000 m

and 6,000 m, in ultra-deep water (1,900 m to 2,400 m) beneath a thick salt layer(in some areas, up to 2,000

m), resulting in reservoir pressures higher than 100 MPa and salt concentrations more than 20 wt% [15].
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Heavy brines are used during well completion to o�set the high reservoir pressures with the brine hydro-

static pressure in order to avoid a well blowout. At the same time completion brines must remain hydrate-free

at mudline (seabed) conditions in case light hydrocarbon gases migrate from the bottom of the well up the

wellbore and come in contact with cold (below 277 K) brine, if a well is drilled in the o�shore environment.

Moreover, some subsea systems, such as the King West subsea systems, were successfully hydrotested with

33.9 wt% CaCl2 brine inhibited with corrosion inhibitors and oxygen scavenger [12].In addition, the use of

water-based drilling 
uids in deep water developments in sub-salt environments can lead to high salt contents

in drilling 
uids [16]. All indicate that the importance and necessary to study the hydrate formation in high

salinity systems.

1.2 Motivation

With the advance of new exploration and production technologies, oil/gas production has reached deeper

and tighter formations than ever before, bringing challenges in total dissolved solids (TDS) (> 300,000 mg/L)

and high pressures (1,000 { 1,500 bar) [17]. The decrease of temperature/pressure or increase of risk for

hydrate formation during transportation and production could lead to hali te precipitation. Therefore, it is

essential to well investigate hydrate formation in high salintiy systems at very high pressure.

Even though it is imperative to know and understand the hydrate phaseequilibrium conditions in near-

saturated salt solutions at very high pressures for oil and gas developmentat ultra-deep water depths, there

is no data in the open literature to ful�ll these conditions due to challenges associated with experimental

measurements under such severe conditions. Moreover, without data the hydrate prediction tools, such as

CSMGemr , Multi
ash r , PVTsim r can't be benchmarked, which brings large challenges and even obstacles

to identi�cation of risks in ultra-deepwater development.

Besides, the interplay of hydrate formation and salt precipitation is unknown. As hydrates are formed, the

salt concentration would increase due to the depletion of water which may potentially self-inhibit hydrates

formation. Some literatures show that hydrate formation was found to not happen above a certain limiting

concentrations of electrolytes [18, 19]. However, this could result fromthe limits of the apparatus. Normally,

hydrate formation depends on the formation conditions (e.g., sub-cooling temperature), state/history of the

water, impurities, geometry of the system [17]. Theoretically, as longas there is enough driving force (e.g.,

subcooling) for hydrate formation and good mixing at gas-liquid interface, hydrates still could form from

unbound water, but there is no related evidences for the observationof hydrate formation in saturated salt

aqueous solutions from previous studies.

Without available data benchmarking the current hydrate predicti on tools at the conditions considered,

the prediction tools become unreliable as salt concentration and pressure increase. It poses large challenges
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for the operators in oil and gas �elds to make good decision for hydrate management. The inconsistency

and unreliability of prediction may potentially result from de�cie ncy of the water activity model accounting

for water behavior in high salinity systems, but all equations and models already incorporated in the tools

cannot be 
exibly changed and improved. Moreover, some correlations arealso applied in oil and gas

�eld to estimate hydrate suppression temperature with thermodynamic hydrate inhibitors (THIs) including

salts. However, most correlations do not take pressure and hydrate structure e�ect on hydrate suppression

temperature. Moreover, all of them are limited to THIs types and concentration. Based on the limitations

and de�ciencies of existing prediction methods, it is necessaryto develop a simple but general correlation

to accurately and reliably predict hydrate suppression temperature for a wide range of pressure and THIs

concentration.

1.3 Objectives

Gas hydrates have been widely studied and investigated for decades due to their energy and environmental

aspects. Previous to this work, the methods to measure hydrate stability zone in saline solutions, such as

Raman spectroscopy, di�erential scanning calorimetry (DSC) and isochoric method, has been well developed.

Moreover, both methods based on van der Waals-Platteeuw model [20] to predict hydrate phase equilibrium

conditions and correlations relying on freezing point depression to estimate hydrate suppression temperature

with addition of THIs are developed and improved by numerous research groups around the world. However,

all the studies on both measurement and prediction are limited to pressure and salinity, which can not be

contributed to ultra-deep water developments.

This thesis has the objective of (i) study hydrate formation in high salinity systems and (ii) develop general

correlation to �ll the gap between existing experimental data/predic tion methods and knowledge/technology

needed for deepwater development. As a result, the phase behavior in saline solutions, the interplay between

hydrate and salt precipitation, and the correlation for the estimation of hydrate suppression temperature

with THIs are deeply studied and investigated in this study. The major accomplishments of this thesis are:

ˆ Performed measurements of hydrate phase equilibria in saline solutions with both improved isochoric

method and high-pressure di�erential scanning calorimetry (DSC) and veri�ed the accuracy of both

methods.

ˆ Investigated the e�ects of the salt cation (Na+ , K+ and NH+
4 ) in the electrolyte on the hydrate inhibition

through the measurements by high-pressure di�erential scanning calorimetry (DSC).

ˆ Designed and set up a new apparatus capable of opeating with pressures upto 30,000 psia (207

MPa) considering safety issues and corrosion problems for the study of hydrate formation at extreme
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conditions in terms of very high pressure and salt concentration near/at saturation.

ˆ Discovered the increased stability of methane hydrates at high pressure, which is veri�ed and under-

stood by studying the e�ect of pressure on macroscopic and microscopic properties of water, methane

gas and hydrate by both thermodynamic calculations and molecular simulations.

ˆ Accurately and e�ciently measured hydrate phase equilibrium point s in both single and mixed salts

solutions, including NaCl, KCl, CaCl 2, MgCl2 and CaBr2, as well as mixed salt and organic inhibitor

systems up to 200 MPa with new developed system, which is valuable for the improvement of existing

prediction tools and correlations.

ˆ Performed measurements of both three phase (liquid { hydrates { gas) and four-phase (liquid { hydrates

{ gas { solid salts) equilibria with under-saturated and over-saturated chloride solutions, respectively.

It was found that the equilibrium boundary moves to lower temperature and higher pressure as the

salt concentration increased up to the limit of saturation in the solution, and was unchanged from the

conditions at saturation with four phases (liquid { hydrates { gas { solid salts) in equilibrium.

ˆ Observed unusual in
ection points in the pressure trace as a factor oftime for the kinetic experiments,

demonstrating that (i) hydrates can still form even with salt precip itated and (ii) the formation of

hydrates and salt precipitation are competing e�ects.

ˆ Developed a simple but robust correlation (Hu-Lee-Sum correlation) toestimate both structures I and

II hydrate suppression temperature in any solutions containing THIs with the inherent property of

generality and universality. One of key �ndings in Hu-Lee-Sum correlation, that the value of DT / T0T

is independent of temperature, becomes an important criterion to assess the reliability of measured

data for hydrate phase equilibria for inhibited systems.

1.4 Thesis Organization

Chapter 4 presents the measurements of methane hydrate phase equilibria in single salt solution at

pressure below 10.3 MPa. The related publication is:

ˆ M. Cha, Y. Hu, and A. K. Sum. Methane hydrate phase equilibira for systems containing NaCl, KCl

and NH4Cl. Fluid Phase Equilibira, 413: 2-9, 2016

Chapter 5 discusses the stability of methane hydrate along phase boundary up to 200 MPa by both

thermodynamic calculations and molecular simulation. The related publications are:

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Insight into increased stability of methane hydrates at high pressure

from phase equilibrium data and molecular structure. Fluid Phase Equilibria, 450: 24-29, 2017
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Chapter 6 and 7 includes thermodynamic and kinetic experiments for hydrate formation in inhibited

systems. The related publications are:

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrates phase

equilibria and formation from high concentration NaCl brines up to 200 MPa. Journal of Chemical &

Engineering Data. 62: 1910-1918, 2017

ˆ Y. Hu, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrate formation from high concentration KCl

brines at ultra-high pressures.Journal of Industrial and Engineering Chemistry, 50: 142-146, 2017

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrates phase

equilibria for structure I and II hydrates with chloride salts at hi gh salt concentrations and up to 200

MPa. The Journal of Chemical Thermodynamics, 117: 27-32, 2018

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas Hydrates Phase Equi-

librium with CaBr 2 and CaBr2 + MEG at Ultra-High Pressures. Journal of Natural Gas Engineering,

2: 42 - 49, 2017

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Phase equilibrium data of methane hydrates in mixed brines

solutions, Journal of Natural Gas Science & Engineering, 46: 750 - 755, 201

Chapter 8 introduces developed correlation (Hu-Lee-Sum correlation)to estimate hydrate suppression

temperature in THIs systems. The related publications:

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Universal correlation for gas hydrates suppression temperature of

inhibited systems: I. Single salts.AIChE Journal , 63: 5111- 5124, 2017

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Universal correlation for gas hydrates suppression temperature of

inhibited systems: II. Mixed salts and Structure Type. AIChE Journal , Inpress 2017

1.5 Thesis Outline

Chapter 2 summarizes a review of available open literature data and evaluation of current hydrate

prediction tools for hydrate phase equilibria in saline solutions. The main objective of the chapter is to

identify the gap between current study and knowledge needed for ultra-deep water developments.

Chapter 3 introduces chemicals and experimental methodology used for both thermodynamic and kinetic

experiments. The details in isochoric method and high-pressuredi�erential scanning calorimetry (DSC) with

step-wise heat, as well as design of ultra-high pressure systems are included in Chapter 3.
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The accuracy and reliability of measurements from both isochoric and DSC method are compared in

Chapter 4. This chapter also discusses the e�ect of cation in the electrolyte on hydrate inhibition strength

through measurements from DSC method.

With the veri�cation of the accuracy of both methods and identi�cation of limitations of DSC method

to salt concentration, the phase behavior in high salinity systems arestudied up to 200 MPa with improved

isochoric method by ultra-high pressure system in Chapters 5 and 6.Chapter 5 also discusses the e�ect

of pressure on hydrate stability through the calculation of hydrate dissociation heat with both Clapeyron

equation and molecular simulations. Moreover, with no previous study, the measured data of both structure

I and II hydrate in systems containing THIs in Chapter 6 are valuable and important for the improvement

of existing prediction methods.

Chapter 7 presents the interplay between hydrate formation and saltprecipitation with under-saturated

and over-saturated salt aqueous solutions.

Finally, due to the limitation and de�ciencies of existent hydrate prediction method/tool, Chapter 8

presents a developed correlation (Hu-Lee-Sum correlation) to provide reliable prediction of hydrate suppres-

sion temperature in the system with single or mixed THIs.

The thesis conclusions are presented in Chapter 9 as well as recommendation for future studies.
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CHAPTER 2

REVIEW OF PREVIOUS LITERATURE AND EXISTENT PREDICTION TOOLS

There are �ve common types of variables in phase equilibria: pressure, temperature, composition in gas,

liquids, or hydrate phases, volume and density, and phase amounts [1]. Among these variables, temperature,

pressure and composition in a phase are de�ned as an intensive variables that are independent of the phase

amount. The number of variables that must be speci�ed to obtain a unique solution for the formation of

hydrates can be determined by Gibbs phase rule shown in Equation 2.1.Figure 2.1 shows a phase diagram

that gives a schematic representation of possible phases in the presence of hydrates for hydrate forming gas

(methane) in combination with water. The diagram uses symbols of I, LW , H, V, and L HC to represent

ice, liquid water, hydrate, vapor, and liquid hydrocarbon, listed in order of decreasing water contents. As

illustrated in Figure 2.1, two component system, containing water and methane, is presented on a pressure-

temperature diagram as an area for two phases ( H-V , I-V ,and H-LHC ), a line for three phases (I-H-V,

Lw -H-V and L w -H-LHC ), and a point (Q1 and Q2) for four phases that is known as quadruple point, obeying

Gibbs' phase rule. This study focuses on phase equilibrium line(L w -H-V) for methane and aqueous solution

with speci�ed amount of salts. The criteria for phase equilibrium, established over 100 years ago by Gibbs,

are that: (1) temperature and pressure of the phases are equal, and (2) chemical potentials of each of the

components in each of the phases are equal [21]. These criteria work for phase equilibrium involving hydrates

and provide the basis for the models for performing hydrate equilibrium calculations.

F = C � P + 2 (2.1)

where

F = number of intensive variables needed to specify the system

C= number of components in the system

P= number of phases in the system.

2.1 Phase Equilibrium of Methane Hydrate with Single Salt Systems

Compared to the amount of experimental data for hydrate phase equilibria with pure water systems, data

for salt systems are far less. Most of the data available are for methane hydrates. In Table 2.1, the available

literature data for methane hydrate phase equilibrium are summarized. Most hydrate phase equilibrium

data are for methane hydrates with sodium chloride (NaCl) and calcium chloride (CaCl2). There are only

a few studies for methane hydrate equilibrium data with single salts, such as KCl, LiCl, LiBr, and MgCl 2.
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Figure 2.1: Schematic pressure-temperature graph for a system in presence of single gas and pure water with
upper and quadruple points [22].
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In addition, most of experimental data in Table 2.1 are for relatively low pressures, ranging from 3.5 to 20

MPa.

Table 2.1: Methane hydrate dissociation data in the presence of single salt solutions.

Salt Reference
Salt

Concentration
(wt%)

Temperature
Range

(K)

Pressure
Range
(MPa)

NaCl

Haghighi et al., 2009 [23] 15.0, 20.0 268 - 285 4.0 - 26.5
Kharrat et al., 2003 [24] 11.9, 17.1 269 - 278 4.2 - 8.6

Jager and Sloan, 2001 [25]
6.2, 10.8,
17.2, 22.1

270 - 303 6.6 - 71.6

Kobayashi et al., 1951 [26] 3.5, 10.0, 20.0 266 - 284 2.6 - 13.7
Maekawa et al., 1995 [27] 10.0, 20.0 262 - 283 3.0 - 12.3

Mohammadi et al., 2008 [28] 5.0 274 - 284 3.6 - 9.6

de Roo et al., 1983 [29]
11.7, 17.1,
21.5, 24.1

268 - 286 2.7 - 10.0

KCl
Mohammadi et al., 2008 [28] 5.0, 10.0 270 - 283 2.7 - 8.7

Haghighi et al., 2009 [23] 15 267 - 285 6 - 18

LiBr Windmeier et al., 2014[30]
5.0, 10.0,
15.0, 26.6

262 - 291 3.5 - 22.5

LiCl Windmeier et al., 2014 [30]
5.0, 10.0,
15.0, 20.0

260 - 283 3.5 - 22.2

CaCl2
Mohammadi et al., 2008 [28] 5.0, 15.0 268 - 283 2.8- 9.0

Atik et al., 2006 [31] 17.1 265 - 282 3.03 - 22.9

Kharrat and Dalmazzone, 2003 [24]
5.0, 10.1,
14.5, 19.8,
23.0, 25.8

260 - 284 6.1 - 10.3

MgCl2
Atik et al., 2006 [31]

1.0, 5.0, 10.0,
15.0

270 - 292 3.5 - 22.7

Kang et al., 1998 [32]
3.0, 6.0, 10.0,

15.0
271 - 286 2.8 - 13.0

Mohammadi et al., 2009 [33] 5.0, 10.0 273 - 284 3.3 - 11.9
CaBr2 Mohammadi et al., 2009 [33] 5.0, 15.0 273 - 285 3.3 - 10.7

Available literature data for methane hydrate dissociation conditions with sodium chloride (NaCl) con-

centrations are plotted in Figures 2.2 , 2.3 and 2.5. Figure 2.2 and Figure 2.3 show the hydrate equilibrium

data for methane hydrate with no more than 20 wt% NaCl. To compare the data, literature results for the

system without salts from de Roo et al. (1983) is also plotted in Figure 2.2 (black symbols). The solid

lines are the predicted equilibrium boundary from CSMGem in the aqueous solutions containing di�erent

amounts of NaCl. In Figure 2.2 and Figure 2.3, most available literature data areconsistent to predicted

results from CSMGem. However, the experimental data for methane hydrate with 10 wt% and 20 wt% NaCl

collected by Kobayashi (1951) show deviation from CSMGem prediction and also are inconsistent to other

data. Figure 2.4 includes both literature data from de Roo (1983) measured with Cailletet equipment and

prediction from CSMGem for methane hydrate phase equilibrium in the system having above 20 wt% NaCl.
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It shows that CSMGem prediction is close but underpredicts the methane hydrate phase boundary with more

than 20 wt% NaCl. Moreover, the trend is more obvious as the concentration ofNaCl in aqueous solution

increases. Most of experimental data shown from Figure 2.2 to Figure 2.4are ranged from 3 to 16 MPa.

Figure 2.5 collects all literature data from Jagger and Sloan (2001) for methane hydrate in NaCl aqueous

solutions, which is the only available data for pressure range up to 70 MPa. These data were measured

through an in-situ Raman spectroscopy study. Nevertheless, no publicly available data exist for methane

hydrate above 70 MPa.

Figure 2.2: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having less than 10wt% NaCl: de Roo (1983, ) for 0 wt%, Maekawa (1995, 1 ) for 3 wt%,
Mohammadi (2008, # ) for 5 wt%, Maekawa (1995,1 ) for 10 wt%, and Kobayashi (1951,6 ) for 10 wt%
of NaCl solutions, respectively. The solid lines are predicted by using CSMGem (black for 0 wt%, blue for
3 wt%, green for 5 wt% and red for 10 wt% NaCl solutions).

Compared to the data for methane hydrate in the presence of NaCl, there are far less data for calcium

chloride (CaCl2) as the salt dissolved in solution. The available literature data are plotted in Figure 2.6,

Figure 2.7 and Figure 2.9 along with the CSMGem predicted results. The data from Mohammadi (2008)

(methane hydrate with 5 and 15 wt% CaCl2) are well matched with the prediction results from CSMGem.

However, data from Kharrat (2003) fail to show consistent results comparedto CSMGem, except for the data

with 10 wt% CaCl2. A high-pressure di�erential scanning calorimetry (DSC) was applied to measure these

data. Figure 2.8 shows the thermogram recorded by Kharrat group on continuousheating at very slow rate

at constant pressure. The hydrate dissociation temperature will bedetermined by the onset temperature of

the third peak. Nonetheless, the fact that the concentration of aqueous salt solution in the system containing
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Figure 2.3: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having from 10 to 20 wt% NaCl: de Roo (1983, ) for 11.7 wt%, Kharrat (2003, # ) for 11.9
wt%, de Roo (1983,  ) for 17.1 wt%, Kharrat (2003,# ) for 17.1 wt%, Maekawa (1995,1 ) for 20 wt%,
and Kobayashi (1951,6 ) for 20 wt% of NaCl solutions, respectively. The solid lines are predicted by using
CSMGem (black for 11.7 wt%, blue for 17.1 wt%, and red for 20 wt% NaCl solutions).

Figure 2.4: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having more than 20 wt% NaCl: de Roo (1983) for 21.5 wt% ( ) and 24.1 wt% ( ) of NaCl
solutions. The solid lines are predicted by using CSMGem (black for21.5 wt%, and red for 24.1 wt% NaCl
solutions).

13



Figure 2.5: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having NaCl: Jager (2001) for 0 wt% (3 ), 10.85 wt% (3 ), 17.17 wt% (3 ), and 22.07 wt% (3 ) of
NaCl solutions. Lines are predicted by using CSMGem (black for 0 wt%, blue for 10.85 wt%, red for 17.17
wt%, and green for 22.07 wt% of NaCl solutions).

hydrate and salt solution is continuously changed during the hydrate formation and dissociation processes

leads to the failure of collect the accurate data. According to Table 2.1, most current data for methane

hydrate equilibrium with CaCl 2 system are only available up to 10 MPa. Only one group of data from Atik

(2006) shown in Figure 2.9 were measure for pressure up to 20 MPa.

There is only one data set for methane hydrate equilibrium with calcium bromide (CaBr2) reported in

the literature (Mohammadi, 2009), shown in Figure 2.10. The database of CSMGemcurrently does not

include CaBr2. As shown in Figure 2.10, the data are only available up to 10 MPa.

There are also few studies for methane hydrate equilibrium with other single salts, such as LiBr, LiCl

and MgCl2, with most of experimental data in the pressure range from 3 to 20MPa.

2.2 Mixed Gas Hydrate Dissociation with Mixed Salt Systems

Natural gas hydrates are formed from a mixture of gases, such as methane, ethane, propane, butane and

pentane, and seawater containing several types of salts, such as NaCl, KCl, CaCl2, MgCl2 and Na2SO4.

There is abundant literature data for mixed gas hydrates with mixed salt systems, as listed from Table 2.2

to Table 2.4. Table 2.2 collects all previous literature information for pure gas hydrate dissociation condition

with mixed salt solutions, while previous studies on natural gas hydrate phase equilibria in presence of

mixed salt solutions are included in Table 2.3. Table 2.4 shows previousmeasurements on hydrate phase
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Figure 2.6: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having less than 15 wt% CaCl2: Kharrat (2003) for 5 wt% (  ), 10.1 wt% ( ), 14.5 wt% ( ), and
Mohammadi (2008) for 5 wt% (1 ), 15wt% (1 ) of CaCl2 solutions. Lines are predicted by using CSMGem
(black for 5 wt%, blue for 10.1 wt%, and red for 14.5 wt% of CaCl2 solutions).

Figure 2.7: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having above 15 wt% CaCl2: Kharrat (2003) for 19.8 wt% (  ), 23.0 wt% ( ), and 25.8 wt% ( )
of CaCl2 solutions. Lines are predicted by using CSMGem (black for 19.8 wt%, blue for 23.0 wt%, and red
for 25.8 wt% of CaCl2 solutions).
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Figure 2.8: Schematic graph for the thermogram recorded at slow continuous heating.

Figure 2.9: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having CaCl2: Antik (2006) for 17.1 wt% (# ) of CaCl2 solutions. Line is predicted by using
CSMGem for 17.1 wt% of CaCl2 solutions.
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Figure 2.10: Experimental and predicted data for methane hydrate dissociation conditions in the aqueous
solutions having CaBr2: Adisasmito (1991) for 0 wt% ( ), and Mohammadi (2009) for 15 wt% ( ) of CaBr2

solutions.

equilibria for mixture of gases which are the components of natural gas in the system containing mixed salts.

Most of experimental data range from 3 to 28 MPa in pressure. Jager (2002) measured methane hydrate

phase equilibria with mixed inhibitor systems, including methanol and NaCl, and their measurements were

conducted up to 69 MPa. Hydrate phase equilibrium data for natural gas hydrates with calcium chloride

(CaCl2) were measured by Ng (1994) and Erdogmus (2005) up to 60 and 103 MPa, respectively.

Table 2.2: Pure gas hydrate dissociation data in the presence of mixed salt solutions.

Reference Gas Salts

Salt

Conc.

Range

(wt%)

T

Range

(K)

P

Range

(MPa)

Najibi et al., 2009 [34] CH4 NaCl, KCl, CaCl 2 3 { 10 269 - 286 4 - 29

Dholabhai et al., 1991 [35] CH4 NaCl, KCl, CaCl 2 3 { 23 266 - 281 2 - 10

Mohammadi et al., 2008 [28] CH4

NaBr, KBr, CaBr 2,

K2CO3, MgCl2
5 { 10 271 - 285 2 - 12

Atik et al., 2009 [36] CH4

NaCl, KCl, CaCl 2,

MgCl2, Na2SO4

3.5 274 - 291 3 - 23
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Table 2.2: Continued.

Reference Gas Salts

Salt

Conc.

Range

(wt%)

T

Range

(K)

P

Range

(MPa)

Jager et al., 2002 [37] CH4
NaCl with

methanol
16 { 61 250 - 293 2 - 73

Eichholz et al., 2004 [38] CH4

NaCl with ethylene

glycol
9 { 28 262 - 282 2 - 10

Masoudi et al., 2004 [39] CH4

NaCl, KCl with

ethylene glycol
33 { 43 259 - 284 3 - 45

Majumdar et al., 2000 [40] C2H6

NaCl with ethylene

glycol
10 { 15 271 - 283 0.5 - 3

Englezos et al., 1991 [41] C2H6 NaCl, KCl, CaCl 2 15 266 - 279 0.1 - 2

Maekawa et al., 2010 [42] C3H8

NaCl with

propanone
3 { 10 266 - 279 0.3 - 0.5

Tohidi et al., 1995 [43] C3H8

NaCl, CaCl2, KCl,

Na2SO4, MgCl2
3 { 10 270 - 276 0.2 - 0.5

Englezos et al., 1993 [44] C3H8 NaCl, KCl, CaCl 2 10 { 20 261 - 272 0.1 - 0.4

Bishnoi et al., 1993 [45] C3H8

NaCl, CaCl2, KCl,

Na2SO4, MgCl2,

SrCl2

3.5 271 - 276 0.2 - 0.4
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Table 2.3: Natural gas hydrate dissociation data in the presence of mixed salt solutions.

Reference Natural Gas Salts

Salt

Conc.

Range

(wt%)

T

Range

(K)

P

Range

(MPa)

Chapoy et al., 2012 [46]

CH4, C2H6,

C3H8,n-C4H10,

i-C4H10,

n-C5H12 i-C5H12,

CO2, N2

NaCl, KCl,

CaCl2,

MgCl2,

Na2SO4,

SrCl2, BaCl2

2.5 { 10 248 - 286 3 - 25

Jager et al., 2002 [37]

CH4, C2H6,

C3H8,n-C4H10,

i-C4H10,

n-C5H12,

i-C5H12, C6H14,

C7H16, CO2, N2

NaCl 17.16 267 - 284 3 - 69

Tohidi et al., 1997 [47]

CH4, C2H6,

C3H8,i-C4H10,

n-C4H10, i-C5H12,

n-C5H12, CO2, N2

NaCl, KCl,

CaCl2,

MgCl2,

SrCl2,

BaCl2,

Na2SO4

3 { 10 275 - 291 1 - 14

Grigg et al., 1992 [48]

CH4, C2H6, C3H8,

i-C4H10, n-C4H10,

i-C5H12, n-C5H12,

N2

CaCl2 0 { 20 281 - 300 7 - 35

Kotkoskie et al., 1992 [49]

CH4, C2H6, C3H8,

i-C4H10, n-C4H10,

i-C5H12, n-C5H12,

N2

NaCl, NaBr 20 { 31 281 - 294 12 - 28
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Table 2.3: Continued.

Reference Natural Gas Salts

Salt

Conc.

Range

(wt%)

T

Range

(K)

P

Range

(MPa)

Yousif et al., 1993 [50]

CH4, C2H6, C3H8,

i-C4H10, n-C4H10,

i-C5H12,

n-C5H12,N2

NaCl, KCl,

CaCl2
5 { 20 274 - 297 12 - 23

Bishnoi et al., 1999 [51]

CH4, C2H6,

C3H8,i-C4H10,

n-C4H10, i-C5H12,

n-C5H12, C6H14,

CO2

NaCl, CaCl2 5 { 20 273 - 288 3 - 10

Tohidi et al., 1995 [43]

CH4, C2H6,

n-C4H10, i-C4H10

C3H8, n-C5H12,

N2, CO2

NaCl, SrCl2,

BaCl2,

MgCl2,

CaCl2

24.3 278 - 287 1 - 6

Mei et al., 1998 [52]
CH4, C2H6, C3H8,

i-C4H10,

NaCl, KCl,

CaCl2 with

methanol

0 { 30 261 - 282 0.5 - 11

Ng et al., 1994 [53]

CH4, C2H6, C3H8,

n-C4H10, i-C4H10,

N2, CO2

CaCl2 0 { 33 252 - 305 5 - 60

Erdogmus et al., 2005 [12]

CH4, C2H6, C3H8,

n-C4H10, i-C4H10,

n-C5H12, i-C5H12,

N2, CO2

CaCl2 23 { 34 265 - 291 7 - 103

entration
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Table 2.4: Mixed gas hydrate dissociation data in the presence of mixed salt solutions.

Reference Gases Salts

Salt

Conc.

Range

(wt%)

T

Range

(K)

P

Range

(MPa)

Lee et al., 2010 [54] CH4, C3H8

NaCl with silica

gel
3 273 - 290 3 - 40

Atik et al., 2006 [31] CH4, C2H6 NaCl, MgCl2 5 { 6 277 - 286 6 - 19

Maekawa et al., 2001 [55] CH4, C2H6 NaCl 0 { 3 274 - 290 2 - 12

Dholabhai et al., 1997 [56] CH4, CO2 NaCl, KCl, CaCl 2 0 { 20 265 - 282 2 - 10

Elliot et al., 1997 [57] CH4, CO2 NaCl 0 { 18 275 - 278 3.5

Mei et al., 1996 [58] CH4, N2

NaCl, KCl,

CaCl2, MgCl2,

NaCHO3

3 { 20 268 - 286 2 - 13

Sun et al., 2001 [59]
CH4, C2H6,

C3H8

NaCl, CaCl2 with

ethylene glycol
0 { 30 264 - 289 1 - 8

Fan et al., 1999 [60]
CH4, C2H6, N2,

CO2

NaCl 0 { 10 269 - 279 1 - 5

2.3 Hydrate Phase Equilibria Prediction Tools

The review of the literature for methane hydrate equilibrium data with several salt systems concludes

the range of conditions for which data are available and reveals the gaps of previous thermodynamic study

of methane hydrate. Nonetheless, it is also essential to determine the applicability and accuracy of current

hydrate phase equilibrium prediction tools for the systems and conditions of interest.

Due to the limited range of hydrate phase equilibrium conditions and salt concentration reported by

previous literature, the prediction tools, including CSMGem, Multi
ash r , PVTsim r , DBR Hydrate ® and

HydraFLASH ® , are widely applied to evaluate the hydrate phase equilibrium for the system containing high

salt content and conditions at ultra-high pressure. Therefore, it is necessary to determine the limitations

of these prediction tools. Figure 2.11, Figure 2.12 and Figure 2.13 show the predicted data for methane

hydrate dissociation conditions with 12 wt% and 23 wt% sodium chloride(NaCl), 20 wt% and 32 wt%

calcium chloride (CaCl2) and 32 wt% Calcium Bromide (CaBr2), respectively. We used those conditions

and salt contents for benchmarking these prediction tools for hydratephase equilibrium with high salinity
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systems at ultra high pressure. It should be noted that di�erent equations of state for the 
uid model are

used with the di�erent tools: SRK for CSMGem, PR for PVTsim r , DBR Hydrate r , and HydraFLASH r ,

and CPA (Infochem) for Multi
ash ® . However, the di�erent selections of equation of state seem to have

little e�ect on the predicted results for methane hydrate dissociation conditions with salts.

The limitations of the prediction tools for conditions with high salt con centration and ultra-high pressure

are summarized below:

CSMGem (Version 1.10):

ˆ SRK equation of state is used for 
uid phase equilibria

ˆ Methane hydrate dissociation conditions with 32 wt% CaCl2 cannot be reliably calculated. Some

calculations cannot converge at very high pressure.

ˆ Electrolytes containing bromides are not included in the componentslist.

Multi
ash r (6.0.09):

ˆ CPA(Infochem)+ electrolyte model is the only option for systems with salts.

PVTsim r (Revision 1.0.176):

ˆ Peng-Robinson equation of state is used for 
uid phase equilibria.

ˆ Pitzer's activity coe�cient model is used to predict salt depos ition

ˆ Maximum pressure is limited to 200 MPa (29,000 psi).

ˆ Plot function does not work for the prediction of methane hydrate phase equilibrium in aqueous solution

with CaCl 2 when concentration is higher than 32 wt%.

HydraFLASH r (Version: 2.0.1):

ˆ Peng-Robinson equation of state is used for 
uid phase equilibria.

ˆ Prediction is limited for methane hydrate phase equilibrium in aqueous solution with CaCl2 for con-

centrations lower than 35 wt%.

ˆ Prediction cannot be applied to systems containing both thermodynamic inhibitors (e.g., MeOH, MEG)

and salts.

DBR Hydrate r (Version 2011.1):

ˆ Combining the Peng-Robinson equation of state with the Ng-Robinson hydrate-forming routine, it was

possible to predict the e�ect of common thermodynamic hydrate inhibitors such as salts (sodium chloride,

potassium chloride and calcium chloride)

ˆ Maximum concentration of CaCl2 in solution is 33 wt%.

ˆ Bromide electrolytes are not available in the component library.

It is patent in Figure 2.11 to Figure 2.13 that the deviation between di�e rent prediction tools become

larger as the increase of both the salt concentration in aqueous solutions andsystem pressure. Moreover,
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there is no previous literature data focused on methane hydrate phase equilibria in aqueous solution with

salt concentration near saturation above 70 MPa as mentioned in the reviewof the literature. Therefore,

it is di�cult for oil industry to evaluate the hydrate stability zone in high salinity system at ultra-high

pressure (above 70 MPa). In summary, the study and measurements of hydrate phase equilibrium conditions

in aqueous solution with high salt concentration at ultra-high pressure are absolutely necessary for the

development and production of oil �elds at ultra-deep water depth.

Figure 2.11: Predicted data for methane hydrate dissociation conditionsin the aqueous solutions having
NaCl (Black, CSMGem; red, Multi
ash r ; blue, PVTsim r ; pink, HydraFLASH r ; green, DBR Hydrater ).
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Figure 2.12: Predicted data for methane hydrate dissociation conditionsin the aqueous solutions having
CaCl2. (Black, CSMGem; red, Multi
ash r ; blue, PVTsim r ; pink, HydraFLASH r ; green, DBR Hydrater ).

Figure 2.13: Predicted data for methane hydrate dissociation conditionsin the aqueous solutions having
CaBr2 (Black, CSMGem; red, Multi
ash r ; blue, PVTsim r ; pink, HydraFLASH r ; green, DHR Hydrater ).
CSMGem and DBR Hydrater do not have the library for CaBr 2. Multi
ash r fail to predict the 32 wt% of
CaBr2 system.
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CHAPTER 3

EXPERIMENTAL SYSTEM AND METHODOLOGY

There have been numerous methods developed to measure hydrate phase equilibria in salt systems.

Among them, the isochoric method is the conventional technique for measuring hydrate phase equilibria

based on the variation of the system pressure with temperature whilekeeping the volume constant [1,15-

21], while Di�erential Scanning Calorimetry (DSC) is an alternative m ethod that has recently received

considerable attention due to its possible application for measuring hydrate phase equilibrium condition

[24, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70]. In this study, we performed experimental investigation on hydrate

phase equilibria for aqueous salt solutions containing (separately) sodium chloride (NaCl), potassium chloride

(KCl), and ammonium chloride (NH 4Cl) for concentrations up to about 10 wt% with pressure range from 3 to

12 MPa (illustrated in Table 3.1) through isochoric method. The challenge in performing these measurements

is that the concentration of aqueous salt solution in the system containing hydrate and salt solution is

continuously changed during the hydrate formation and dissociation processes, so a step-wise increase of

temperature with su�cient equilibration time at every step is in troduced to ensure the stability of system

pressure and temperature. Simultaneously, we also measured the hydrate phase equilibrium conditions by

using high-pressure DSC, with a similar methodology for equilibration of the samples. Both isochoric and

high-pressure DSC methods are performed to verify the validity and accuracy of measurements, as well as

study the advantage and disadvange of these two method widely used to study hydrate stability conditions.

Moreover, the e�ect of the salt cation, that is, sodium (Na+ ), potassium (K+ ), and ammonium (NH4
+ ), on

the hydrate inhibition were investigated.

According to the review of previous literature, there is no literature data available to ful�ll the harsh

conditions in terms of high salinity and pressure for oli and gas �elds development in ultra-deep water due

to challenges associated with experimental measurements under such severe conditions. Majority of existing

data are for methane hydrate phase equilibria with under-saturated salt solutions at relatively low pressures,

below 80 MPa. Therefore, in this study, a unique system capable up to 207 MPa (30,000 psia) is designed

and set up to study hydrate formation in chloride and bromide aqueous solutions, separately, as well as

mixed salt and organic inhibior systems (the experimental matrix is shown in Table 3.2) considering safety

issues, corrosion problems and measurement e�ciency. In addition,the hydrate phase boundaries of mixed

brine solutions containing NaCl, KCl, CaCl2and MgCl2 are also measured through this system to investigate

the salt types, concentration and system pressure on hydrate inhibition strength (the composition of mixed

brines soltuions are summarized in Table 3.3)
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3.1 Materials

Composition and purity of the gases and chemicals used for the experimental measurements are provided

in Table 3.4. Nanopure distilled water (Thermo Scienti�c, 50-D11901) was used as a solvent. All the solutions

are prepared gravimetrically. Measurements are made with two gases, methane and methane-ethane mixutre

to form structure I (sI) and structure II (sII) due to the di�ere nt guest molecule size and guest (gas) - host

(hydrogen-bonded water) interaction. The mixture solution (20 wt% CaBr2+ 20 wt% MEG) shown in

Table 3.2 is prepared by initially preparing a 20 wt% CaBr2 aqueous solution and then adding MEG to

make 20 wt% MEG based on CaBr2 aqueous solution.

Table 3.1: Composition and ionic strength of single salt in aqueous solutions.

Salt
Concentration

(wt%)
Concentration

(mol%)
Molality

(mol/kg water)
Ionic Strength = 0.984

NH4Cl 5.00 1.74 0.984
NaCl 5.44 1.74 0.984
KCl 6.83 1.74 0.984

CaCl2 3.51 0.58 0.328
Ionic Strength = 2.077

NH4Cl 10.00 3.60 2.077
NaCl 10.84 3.60 2.077
KCl 13.41 3.60 2.077

CaCl2 7.14 1.23 0.692
hjgd
ngfdn
The ionic strength is calculated by:

I =
1
2

nX

i

mi z2
i (3.1)

where mi and zi are the molality and charge number of ioni , respectively.

3.2 Experimental Apparatus and Procedure

3.2.1 High Pressure Isochoric Measurement

Aqueous salt solutions are prepared according to the composition listed in Table 3.1. Approximately

150g of aqueous salt solution is prepared by adding the distilled and degassed water to solid salt crystals.

The solution is thoroughly mixed at room temperature to obtain a homogeneousmixture. The salt solution

sample is then injected in high-pressure reactor with the internal volume of 580 mL made by 316 stainless

steel. An encapsulated Neodymium Iron Boron (NdFeB) magnetic stir bars is also placed in high-pressure

reactor for mixing at 600 rpm. After the high-pressure reactor is sealed,it is immersed into an ethylene

glycol-water bath kept at 288.15 K. The bath temperature is controlled by a refrigerated/heating circular
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Table 3.2: Composition of single salts in aqueous solutions.

Gas THIs THIs Concentration (wt%) T (K) P (MPa)
NaCl 30*, 27*, 26, 23 and 12 275 - 305 20 -200
KCl 40*, 30*, 25.4*, 23 and 20 280 -305 15 - 200

Methane CaCl2 32, 23.8, and 20 250 - 295 20- 200
(Structure I) MgCl 2 25 and 20 260 - 290 40 - 200

CaBr2 32, 15 and 5 275 - 310 13 - 200
NaBr

CaBr2+ MEG 20 wt% (CaBr 2) + 20 wt% MEG 285 - 295 30 - 200
NaCl 23 and 12 280 - 310 30- 200

Methane - Ethane CaCl2 32 and 20 260 - 300 30 - 200
(Structure II) CaBr 2 32 280 -295 20 -200

CaBr2+ MEG 20 wt% (CaBr 2) + 20 wt% MEG 290 - 300 30 - 200
Notes: \*" represents the over-saturated solutions at room temperature(298.15 K).

MEG represents mono-ethylene glycol.

Table 3.3: Compositions of the aqueous solutions used fro hydrate phase equilibrium measurements.

Solution Composition (wt%a /molality b) Total Concentration

Id. NaCl KCl CaCl 2 MgCl2 (wt%/molality)

Brine 1 5.2/1.0 6.6/1.0 11.8/2.0

Brine 2 5.0/1.0 9.5/1.0 14.5/2.0

Brine 3 6.9/1.4 9.3/1.0 16.2/2.4

Brine 4 9.5/2.0 9.0/1.0 18.5/3.0

Brine 5 2.1/0.4 2.6/0.4 3.9/0.4 3.4/0.4 12.0/1.6

Brine 6 6.7/1.5 8.6/1.5 4.3/0.5 3.7/0.5 23.3/4.0

Brine 7 8.9/2.0 14.6/2.0 23.5/4.0

Brine 8 10.4/2.4 8.2/1.0 7.1/1.0 25.7/4.4

Brine 9 15.7/2.0 13.5/2.0 29.2/4.0
a wt% on wet basis.

b 1 molality = 1 mol/kg H 2O

Table 3.4: Purities and suppliers of materials used.

Chemical Suppliers Purity and Composition
Methane (C1) General Air > 99.97 mol%

Methane (C1)-Ethane (C2) General Air 74.7 mol% (C1)/25.3 mol% (C2), > 99 mol %
NaCl (sodium chloride) Macron ACS grade

CaCl2 (calcium chloride) Macron ACS grade
KCl (potassium chloride) Fluka > 99.9995 mol%

MgCl2 (magnesium chloride) Sigma-Aldrich > 98 mol%
CaBr2 (calcium bromide) Alfa Aesar > 99.98 mol%
NaBr (sodium bromide)

MEG (mono-ethylene glycol) Sigma-Aldrich > 99.75 mol%
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bath. The reactor is pressurized with CH4 gas up to the set pressure condition after 
ushing the reactor

with CH 4 gas at least three times to minimize the amount of residual air. A schematic �gure of apparatus

is depicted in Figure 3.1.

Figure 3.1: Schematic diagram of high pressure apparatus for hydrate phase equilibrium measurements.

The hydrate phase equilibrium condition is determined by the intersection of tangents of the cooling

and heating curves in the temperature and pressure trace data, whichmeans that the hydrate equilibrium

conditions highly depend on the heating curve [71, 72, 73, 74, 75, 39, 76]. Several studies have given

considerably focus on the accurate measurements of hydrate phase equilibria through di�erent heating paths,

such as continuous and step-wise heating methods [71, 72, 73, 74, 75, 39, 76]. Investigations on the hydrate

phase equilibria with continuous heating were studied by severalgroups [71, 72], while Tohidi et al. [73]

used a step-wise heating method and reported less scattered and more accurate data for hydrate phase

equilibria. The step-wise heating method consumes more time at each temperature step. Therefore, Tohidi

et al. [74] suggested a less time-consuming technique with the step-wise method and reported that three

equilibrium points from three step-wise heating are su�cient for obtaining clear data points for hydrate phase

equilibria. The concentration of aqueous salt solution in the system containing hydrate and salt solution

continuously changes during the hydrate formation and dissociation processes. As such, the intersection point

corresponding to the three-phase equilibrium (aqueous-hydrate-vapor) by the continuous heating and cooling

curves cannot be precisely determined, especially in high salinity systems. Therefore, in our measurements,

we focused on re�ning the heating curve from the starting-temperature (Ts) during the hydrate dissociation

process by using a step-wise increase in temperature with su�cient equilibration time at every step.
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Two cycle experiments are performed for measuring the hydrate equilibrium conditions in the presence

of salts. In the �rst cycle, the temperature/pressure data are collected with fast cooling (1.0 K/hr) and

fast heating (0.5 K/hr). Before starting the cycle, the system is kept at 288.15 K for 3 hrs to ensure the

saturation of CH4 gas in the system and check that the system holds pressure. After thesystem temperature

and pressure are stabilized, the bath temperature is continuously decreased to 268.15 K at a rate of 1.0

K/hr. On the cooling process, hydrate formation is identi�ed by a sudden pressure drop and slight increase

in temperature due to the exothermic process on forming hydrate. After a su�cient amount of hydrates

is formed, the temperature is increased to 288.15 K at a rate of 0.5 K/hr. Because of the fast heating

rate, the hydrate dissociation point cannot be precisely determined, as there is not a clear in
ection of the

heating curve. For this reason, the �rst cycle is used to roughly estimate the expected dissociation point and

determine the starting-temperature (Ts) for the step-wise increase of temperature in the second cycle. Inthe

second cycle, the process for hydrate formation is the same as in the �rst cycle, except that on heating, when

the system temperature reachesTs, the system is allowed to equilibrate for at least 6 to 9 hrs. From that

point on, the temperature is increased step-wise by 0.1 K and held forat least 6 hrs at every step. During the

step-wise increase of temperature, the system temperature is only increased after con�rming stabilization of

the pressure in the system. The system pressure is monitored byan Omega® pressure transducer speci�ed

to operate with a uncertainty of ± 0.027 MPa. High-accuracy resistance temperature detectors (RTD) having

uncertainty of ± 0.005 K are installed to monitor the system temperature. All of pressureand temperature

data are continuously recorded through a LabView® program.

Figure 3.2(a) shows the temperature and pressure trace data for CH4 hydrate for aqueous solution

containing 5 wt% NH4Cl. In the �rst cycle (solid line in Figure 3.2(a)), a continuous cooli ng rate of 1

K/hr for hydrate formation and continuous heating rate of 0.5 K/hr for hydrate d issociation are used. A

signi�cant slope change is observed as the temperature approaches the three-phase equilibrium conditions.

Because of the relatively fast heating rate, the in
ection point associated with the slope change cannot be

precisely determined. The �rst cycle is used to estimate the expected dissociation point and determine

the starting-temperature (Ts) for the step-wise increase of temperature in the second cycle, as shown in

Figure 1a. In the second cycle (dash line in Figure 3.2(a)), the step-wise method is initiated with a step

size of 0.1 K after reachingTs and the temperature is maintained for at least 6 to 9 hrs until the system

pressure stabilizes. The inset in Figure 3.2(a) illustrates that the di�erence in hydrate phase equilibrium

point between the �rst cycle with continuous heating and second cycle with step-wise heating reaches the

order of 0.5 K, verifying the inaccuracy of measurements through the isochoric method with continuously

temperature ramping. Figure 3.2(b) shows the pressure and temperature variations with time during the

step-wise increase in temperature. One can see that the system temperature quickly stabilizes upon a 0.1
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Figure 3.2: Experimental procedure for measuring hydrate phase equilibrium conditions for salt systems
using a two cycle approach in the isochoric method. (a) Pressure/temperature trace for formation and
dissociation of hydrate through the isochoric method with two cycleapproach. Inset shows the di�erence
in the hydrate dissociation point between the �rst and second cycles. First and second cycles are shown as
solid and dash lines, respectively. (b) Pressure (black) and temperature (gray) variation with time. Regions
shown by arrows indicate the required period for the pressure stabilization.

K increase, while the pressure takes much longer to equilibrate, typically in at least 6 hrs. The equilibrium

pressure at each incremental temperature (black dots in Figure 3.2(b)) are then used to obtain the three-

phase equilibrium point.

3.2.2 High Pressure Di�erential Scanning Calorimetry (DSC) Measurem ent

High-pressure DSC has recently received considerable attention due to its possible application for mea-

suring the hydrate phase equilibrium conditions [24, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70].In uninhibited

system (no salts), the measurements of hydrate equilibrium conditions through DSC method were success-

fully conducted by several studies [66, 67]. In addition, the hydrate equilibrium conditions in the presence

of inhibitors were also measured through DSC method [24, 61]. However, Lafond et al. [77] pointed out the

potential problems of the DSC method for inhibited systems, and introduced a novel technique for measur-

ing hydrate equilibrium conditions in the presence of inhibitors. Compared with the isochoric method with

two cycles approach, the DSC method is a less time-consuming technique. Therefore, high-pressure DSC

measurements are performed to double check the data from the isochoric method with two cycles approach

and to compare the two methodologies for measuring hydrate phase equilibria.

All of DSC measurements are performed through amDSCVII (SETARAM) with an operating temperature

range of 228 to 393 K shown in Figure 3.3. The DSC has a resolution of 0.04mW and a temperature
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deviation of ± 0.3 K between similar samples [78]. The high pressure DSC sample cell(C1 in Figure 3.3),

with dimensions of 6.4 mm I.DÖ15.5 mm and a volumetric capacity of 0.5 mL, is composed of a Hastelloy

C276 material to eliminate pitting corrosion and contamination. The pressure of the cell is monitored with

Honeywell JK digital pressure transducer, which is installed on gas panel, having possible uncertainty of

± 0.05 MPa.

Figure 3.3: Schematic of DSC apparatus along with the high pressure panel and data acquisition system
[63].

About 15 mg to 20 mg of a salt solution with the composition listed in Table 3.1 is injected into the

high-pressure DSC sample cell and then placed in the DSC thermal well along with reference cell. Systems

are equilibrated at 293.15 K for 0.5 hr and then cooled to 233.15 K with an 1 K/min cooling rate. The tem-

perature is quickly scanned from 233.15 to 293.15 K to identify the onset-temperature (To) and temperature

is again decrease to 233.15 K with same cooling rate. The system is held at 233.15K for 1 hr, and then the

temperature is scanned from 233.15 to 268.15 K with an 1 K/min heating rate. Thesystem is held at 268.15

K for 1 hr to dissolve any possible salt precipitate in the sample cell. The temperature is increased to the

onset-temperature (To) and held for 1 hr. After 1 hr, the temperature is increased with a step size of 0.1 K

and maintained for 1 to 2 hrs at every step.

The DSC method practically operates under constant pressure. In the DSC, phase changes are observed

through changes in the heat 
ow curves (thermograms). A typical heat 
ow and temperature versus time

trace curves during hydrate dissociation are shown in Figure 3.4 for the NH4Cl system. The hydrate dis-

sociation process is endothermic, so the broad endothermic peak correspond to hydrate melting during the

step-wise heating is observed in Figure 3.4. After complete meltingof the hydrate, there are only the base line

and sharp signals from thermal lag due to temperature change. The heat 
owcurve returns to the baseline

[77, 79] after complete hydrate melting. Therefore, the way to determine the equilibrium temperature for

hydrate containing salts is to �nd the temperature when the heat 
ow curve start to return to the baseline.
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Figure 3.4: Sample curves for the variation of heat 
ow (gray) and temperature (black) with time using the
stepwise scheme to determine CH4 hydrate phase equilibrium in the presence of 10 wt% NH4Cl. Black dash
line indicates the baseline.

3.2.3 Ultra-High Pressure Isochoric Measurement

In order to measure the accurate hydrate dissociation conditions in high salinity system, the good mixing

behavior in solution is necessary to obtain homogeneous aqueous solutions.As a result, high-pressure

di�erential scanning calorimetry method (DSC) mentioned in Section 3.2.2 is not appropriate to measure

hydrate phase equilibria in high salinity system since the salt precipitated during hydrate formation is di�cult

to redissolve in the solution during hydrate dissoication without mixing. Therefore, the isochoric method

illustrated in Section 3.2.1 is applied to measure the hydrate stability zone in the system containing relatively

high salt concentration close to/over saturation.

Figure 3.5 shows the experimental setup for the measurement of hydrate phase equilibrium and formation

kinetics in high salinity systems and at ultra-high pressures. Theoperating pressure limit for the system is

207 MPa, and the system can be temperature controlled from 238.15 K to 333.15 K. Forsafety considerations,

a hazard and operability (HAZOP) study was done on the system based on the worst what-if scenario in

terms of pressure/temperature/explosive issues shown in Figure 3.6. Double-polycarbonate shields surround

the entire system so that any accidental pressure release is contained. The system has two pressure relief

valves set to 207 MPa. Three kinds of pressure indicators are installedto ensure proper pressure monitoring:

analogue type (Astra, 0.5% accuracy), digital type (Honeywell, 0.2% accuracy),and pressure transducer
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(Omega, 0.05% accuracy). The pressure cell, internal volume of 56 ml (manufactured by SejinYoungTech in

Korea), was designed to sustain pressures up to 240 MPa. Due to the corrosive nature of salt on stainless

steel, a protective cylinder made of Inconel 600 is placed in the pressure cell (item L in Fig. 3) so that

the stainless steel sections of the pressure vessel are not wettedby the brine solution. A ba�e (item M

in Figure 3.5 and Figure 3.6) and a resistance temperature detector (RTD, ± 0.25 K uncertainty) which

are directly in contact with saline solutions, both also made of Inconel 600,are placed in the cell. For

each experiment, 25 ml of sample solution is injected in the cell. The cell is immersed into the coolant

bath containing a propylene glycol-water mixture, connected with a refrigerated/heating circulator. The cell

contents were stirred at 500 rpm using a magnetic bar and strong magnetic plate. The ba�e in the cell allows

for a good mixing at the gas-liquid interface. After 
ushing the system three times with the experimental

gas to remove air and impurities, the system is pressurized with methane to the desired pressure with a gas

booster pump. Before starting the measurement, pressure test wasperformed at around 186 MPa (~27,000

psia) with nitrogen gas to assure that there is no leakage in the system as shown in Figure 3.7.

Figure 3.5: Experimental setup for hydrate phase equilibrium studies with high salinity solutions and ultra-
high pressure conditions. Due to corrosion, the protective cylinder (item L), ba�e (item M), and RTD
(resistance temperature detector) sensor (item I) are made of Inconel 600.
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Figure 3.6: Design of new autoclave with maximum pressure up to 213.8 MPa(31,000 psia).
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Figure 3.7: Pressure test at around 186 MPa (~27,000 psi) with nitrogen gas.

Measurements for the hydrate phase equilibria used an isochoric method, which is based on the variation

of the pressure with temperature for a �xed volume system. As shownin Figure 3.8(a), temperature and pres-

sure data are monitored based on the following procedure: (i) fast cooling (linear line of pressure-temperature

data with no hydrate), (ii) hydrate formation (identi�ed by a sudde n pressure drop and exothermic reaction),

(iii) fast heating at a rate of 5 K/hour, and (iv) slow stepwise heating so the hydrates dissociate and the

system returns to its initial state. During step (iv), as shown in the inset in Figure 3.8(b), the temperature

is stepwise increased so that the system pressure stabilizes at each temperature to ensure system reaches

re-equilibrium not only in terms of the amount of the phases present,but also in terms of the salt concen-

tration in solution, which is gradually changing on hydrate dissociation (hydrates consume the water). The

in
ection point, intersection of the hydrate dissociation line and t he heating/cooling line, corresponds to the

hydrate equilibrium temperature and pressure for a given salt/organicinhibitor concentration. Due to the

shape of pressure cell and strong mixing system highly increase thee�ciency of the measurements.

3.2.4 Kinetics Experiment of Hydrate Formation in High Salinity

For the measurement of hydrate formation kinetics, the salt solution is injected to the cell and the

system pressurized up to speci�c pressure (P initial ) with methane gas at constant temperature (T initial ),

corresponding to conditions outside the hydrate stable regions. Afterreaching steady conditions, the cell
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Figure 3.8: Experimental procedure for the measurements of hydrate phase equilibrium in high salinity
system via the isochoric method. (a) Pressure and temperature trace for hydrate formation and dissociation
in the 23 wt% NaCl system. Inset shows the slope change of heating curveas the phase equilibrium point
is reached. (b) Pressure (solid-red) and temperature (solid-blue) traces. Temperature steps are maintained
for about two hours until the pressure stabilizes.
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was cooled to low temperature (T �nal ) to induce hydrate formation, which was detected from the continuous

pressure decrease even after reaching the set temperature (T �nal ). Temperature (liquid phase) and pressure in

the cell are respectively monitored over item to observe the formation of hydrates. The details of experimental

conditions used to investigate hydrate formation kinetics are included in Table 3.5.

Table 3.5: Experimental conditions for kinetics hydrate formation measurements.

Salt
Concentration

(wt%)
P initial

(MPa)
T initial

(K)
T �nal

(K)
NaCl 26, 27 and 30 151.6 288.15 278.75
KCl 30 128.0 313.15 278.75
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CHAPTER 4

LOW PRESSURE METHANE HYDRATE PHASE EQUILIBRIUM MEASUREMENTS WITH SALTS

A paper published in Fluid Phase Equilibira

Minjun Cha, Yue Hu, and Amadeu K. Sum.

Most natural waters are aqueous solutions containing more than one electrolyte dissolved in them. Sea-

water, comprising six major ions (Na+ , Mg2+ , K+ , SO4
2+ and Cl� ), is considered as one of natural waters.

Moreover, calcium chloride (CaCl2), ammonium chloride (NH4Cl), and calcium bromide (CaBr2) are also

applied in the water-base drilling 
uid to avoid clay swelling pr oblems. little data are available for determi-

nation of hydrate dissociation conditions with high salt concentration (> 5 wt%) (as discussed in Chapter

2). Moreover, no study has been reported on hydrate phase equilibriain the presence of ammonium chloride

(NH4Cl). As a result, the study of the hydrate phase equilibrium in these electrolyte solutions is necessary

to develop for hydrate management in the �elds of gas and oil industry.

Though both isochoric method and di�erential scanning calorimetry (DSC) methods are widely intro-

duced to measure hydrate phase equilibria, it is essential to recognize that both of them have disadvantages

and limitations. The necessity of storing large volume of sample imposesvery slow stepwise heating rate

during experiments, typically 6-9 hrs/step as shown in Figure 3.2(b), thus requiring long time for each step

to become equilibrium, whereas, di�erential scanning calorimetry (DSC) is a much more e�cient method

applied to measurements of hydrate phase equilibria. Each measurement only needs 1 to 2 days because of

much smaller sample volume compared to that used in isochoric method. However, this technique still has

some limitations which are linked to the fact that there is no agitation of the sample and hydrate forma-

tion in the sample cell may only occurs at the gas-liquids interface.As such, the sample content may be

heterogeneous during hydrate formation and dissociation. Another possible source for heterogeneity is the

distribution of salt, as it may become occluded within the hydrate formed. Thus it makes the measurements

of hydrate dissociation conditions in high salinity system inaccurateand even unreliable. Therefore, the mea-

surements are �rstly focused on hydrate phase equilibrium containing single salts (compositions are shown

in Table 3.1) through both high pressure isochoric and di�erential scanning calorimetry (DSC) method.

The experimental results through these two methods are compared tocheck the accuracy and validity of the

measurements. With the veri�cation of the accuracy of experimental investigation in methane hydrate phase

equilibrium containing single salt, these experimental data are used to evaluate the performance of prediction
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from the existent tools (CSMGem and PVTsimr ). Simultaneously, the study of hydrate inhibition strength

of di�erent cations (NH 4
+ , K+ , Na+ ) on an equal molar basis is developed.

After the completion of investigation in methane hydrate dissociation conditions in aqueous solutions

containing di�erent kinds of single salt, the methane hydrate phase equilibrium points in presence of mixture

salts solution (shown in ??) which is closer to the composition of natural waters are measured to check the

accuracy of predicted hydrate stability curve from the three commercial tools (CSMGem, Multi
ash r , and

PVTsim r ), which is widely applied to estimation of pipelines conditions in the oil and gas industry.

Based on the comprehensive review of the available literature focused on hydrate stability zone in the

system containing salts (Section 2.1 and Section 2.2), there are available literature data for hydrate phase

equilibria with high salinity system, but there is no data for the se systems at ultra-high pressure (> 103.4

MPa (15,000 psia)). Moreover, the predicted phase equilibria from existent tools (CSMGem, Multi
ash r ,

PVTsim r , DBR Hydrate r , and HydraFLASH r ) becomes unreliable with the increase of both pressure

(> 69.0 MPa (10,000 psia)) and salt concentration in aqueous solution according to the discussion of the

performance of these tools in Section 2.3. Nevertheless, new oil well completion and production call for

higher pressure. Some formation pressure for some reservoirs under ultra-deep water in Gulf of Mexico are

higher than 137.9 MPa (20,000 psia), posing signi�cant challenges for hydrate management [80]. In addition,

many of the target formations in deepwater wells are located below thick, massive salt deposits, resulting

in close to relatively high concentration of salts in formation water. Therefore, the study of hydrate phase

equilibria in high salinity systems (compositions are shown in Table 3.2) up to 200 MPa will be developed

with the accumulated knowledge and experiences of research for the hydrate stability curve in salinity system

with maximum pressure of 10.3 MPa.

4.1 Measurements of Methane Hydrate Phase Equilibria With Singe Salt

4.1.1 Data Comparison Between Isochoric and DSC Methods

Hydrate phase equilibrium data for CH4 hydrate in the presence of NaCl, KCl, NH4Cl and CaCl2 systems

through both isochoric and DSC methods are measured, and the data are plotted in Figure 4.1 to Figure 4.4.

Figure 4.1(a) shows the hydrate phase equilibrium data for CH4 hydrate in the presence of 5 and 10 wt%

NH4Cl. CSMGem prediction tools doesn't include NH4Cl in the database, and thus, there is no prediction

line for methne hydrate phase equiliria with NH4Cl in Figure 4.1(a). Moreover, no available literature data

investigating hydrate dissociation conditions containing NH4Cl can be compared the experimental results

measured by both isochoric and DSC methods. In order to check the data consistency from both methods,

the average hydrate dissociation temperature suppression (4 Tdis ) are calculated based on following equation:
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4 Tdis =
1
n

nX

i =1

(Tsalt � Tpure ) (4.1)

where n is the number of equilibrium data points, Tsalt is the measured hydrate phase equilibrium temper-

ature in the system containing salts from both isochoric and DSC methods, Tpure is the predicted hydrate

equilibrium temperature from CSMGem for pure CH4 hydrate phase equilibria. Figure 4.1(b) shows the

4 Tdis for the system with 5 wt% NH4Cl are 2.37 K and 2.30 K for isochoric and DSC methods, respectively,

and for 10 wt% NH4Cl are 4.86 K and 4.76 K for isochoric and DSC methods, respectively. These results in-

dicate that the hydrate equilibrium conditions from both isochoric and DSC methods are in good agreement

with each other even though both methods have their limitations.

Figure 4.2 and Figure 4.3 show the hydrate phase equilibrium data for CH4 hydrate in the presence of

NaCl and KCl. Similar to the results with NH 4Cl, the agreement between the measured data for isochoric

and DSC methods is good. The4 Tdis for the system with 5.44 wt% NaCl are 2.46 K and 2.30 K for isochoric

and DSC methods, respectively, and for the 10.83 wt% NaCl are 5.12 K and 4.98 K for isochoric and DSC

methods, respectively. The results with KCl in terms of the 4 Tdis are also very comparable, as shown in

Figure 5. Also, the literature data reported in Figure 4.2(a) and Figure 4.3(a), close to the experimental

results in this study, indicate the accuracy and reliability of the measurements through both isochoric and

DSC methods.

Figure 4.4 veri�es the consistency of measurements of methane hydrate phase equilibria in presence of

CaCl2 for 3.51 wt% and 7.14 wt% through both isochoric and DSC method, meanwhile indicating that the

CSMGem underpredicts the methane phase equilibrium containingCaCl2.

4.1.2 Comparison of Experimental and Predicted Results

With the veri�cation of high quality of measurements for methane hydrat e phase equilibria containing

single salt, such as NaCl, KCl, NH4Cl and CaCl2, produced by both DSC and isochoric method, it is

necessary to check the reliability of predicted results from existent prediction tools, CSMGem and PVTsimr .

Unfortunately, ammonia chloride (NH 4Cl) is not available in the component library of both CSMGem and

PVTsim r , since there is no available study on hydrate stability zone in presence of NH4Cl aqueous solution,

indicating the importance to measure the accurate methane phase equilibrium points in the system containing

NH4Cl.

In order to check the accuracy of predicted results from CSMGem and PVTsim r , the average absolute

deviation (AAD ) in temperature are calculated by the equation shown below:

AAD =
1
n

nX

i =1

jTexp � Tpred j (4.2)
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(a) (b)

Figure 4.1: (a) Methane hydrate phase equilibria in the presence of NH4Cl for 5 and 10 wt% by both isochoric
and DSC methods. Solid black lines indicate the prediction results for CH4 hydrate with pure water with
CSMGem. Open and solid circles are data for CH4 hydrate with 5 wt% NH 4Cl by isochoric (# ) and DSC ( )
methods, respectively. Open and solid squares are data for CH4 hydrate with 10 wt% NH4Cl by isochoric
( ) and DSC (P ) methods, respectively. (b) Average hydrate dissociation temperature suppression (4 Tdis )
calculated from the results measured by both isochoric (white bar) and DSC (black bar) methods.

(a) (b)

Figure 4.2: (a) Methane hydrate phase equilibria in the presence of NaClfor 5.44 and 10.83 wt% by both
isochoric and DSC methods. Solid black lines indicate the prediction results for CH4 hydrate with pure water
with CSMGem. Dash black lines indicate the prediction results forCH4 hydrate with 5.44 and 10.83 wt%
NaCl with CSMGem. Open and solid circles are data for CH4 hydrate with 5.44 wt% NaCl by isochoric (# )
and DSC ( ) methods, respectively. Open and solid squares are data for CH4 hydrate with 10.83 wt% NaCl
by isochoric ( ) and DSC (P ) methods, respectively. Open and solid triangles are previous literature data
for CH4 hydrate with 5 and 10 wt% NaCl, respectively [27, 28].(b) Average hydrate dissociation temperature
suppression (4 Tdis ) calculated from the results measured by both isochoric (white bar)and DSC (black bar)
methods.
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(a) (b)

Figure 4.3: (a) Methane hydrate phase equilibria in the presence of KCl for 6.83 and 13.41 wt% by both
isochoric and DSC methods. Solid black lines indicate the prediction results for CH4 hydrate with pure water
with CSMGem. Dash black lines indicate the prediction results forCH4 hydrate with 6.83 and 13.41 wt%
KCl with CSMGem.Open and solid circles are data for CH4 hydrate with 6.83 wt% KCl by isochoric ( # )
and DSC ( ) methods, respectively. Open and solid squares are data for CH4 hydrate with 13.41 wt% KCl
by isochoric ( ) and DSC (P ) methods, respectively. Open triangles are previous literaturedata for CH4

hydrate with 5 wt% KCl [33]. (b) Average hydrate dissociation temperature suppression (4 Tdis ) calculated
from the results measured by both isochoric (white bar) and DSC (black bar) methods.

(a) (b)

Figure 4.4: (a) Methane hydrate phase equilibria in the presence of CaCl2 for 3.51 and 7.14 wt% by both
isochoric and DSC methods. Solid black lines indicate the prediction results for CH4 hydrate with pure water
with CSMGem. Dash black lines indicate the prediction results forCH4 hydrate with 3.51 and 7.14 wt%
CaCl2 with CSMGem.Open and solid circles are data for CH4 hydrate with 3.51 wt% CaCl2 by isochoric
(# ) and DSC ( ) methods, respectively. Open and solid squares are data for CH4 hydrate with 7.14 wt%
CaCl2 by isochoric ( ) and DSC (P ) methods, respectively. (b) Average hydrate dissociation temperature
suppression (4 Tdis ) calculated from the results measured by both isochoric (white bar)and DSC (black bar)
methods.
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where n is the number of equilibrium data points, Texp is the measured hydrate phase equilibrium temper-

ature from DSC method, considering as the baseline,Tpred is the predicted methane hydrate equilibrium

temperature from CSMGem and PVTsimr . The predicted and experimental results for methane hydrate

phase equilibria containing single salt, including NaCl, KCl and CaCl2, separately, are included in Ap-

pendix A, which indicated that predictions from both CSMGem and PVTsi mr show good agreement with

experimental data with AAD smaller than 0.5 K.

4.1.3 E�ect of Salt Cations on Hydrate Inhibition

Salts readily dissociate into ions when dissolved in aqueous solutions. They are thermodynamics in-

hibitors, as water molecules are tightly bound around the ions in the hydration layer through electrostatic

interactions between the ions and water molecules. As such, the watermolecules in the hydration layer

hinder hydrogen bonding between water molecules, so hydrate equilibrium conditions are shifted into lower

temperature and higher pressure conditions. As a result, it is essential to investigate and compare the e�ect

of di�erent kinds of ions on hydrate inhibition strength. Comparing ani ons and cations, Lu et al. [81]

pointed out that the anions play a more important role than the cations in a�e cting the hydrate stability

in electrolyte solutions for the reason that asymmetrical distribution of water molecules (the negative end

of water's dipole is nearer to he center of the water molecule than the positive end) around an anion allows

the anions exert an eminent in
uence on the ambient water network, while the symmetrical arrangement

of water molecules around the cations reduces the in
uence. Moreover, Zhou et al. [82] also suggested

that there are more water molecules hydrated around anions, since for water molecules around an anion,

they approach the anion with the hydrogen atom as shown in Figure 4.5 and repulsion interaction among

the water molecules is relatively smaller. However, the salts tested in this study have Chlorine (Cl) as the

common anion (Cl� ) in solution, so for salt solutions with the same moles of molecules in water, the hydrate

inhibition performance can be determined by the type of cation. The data measured with the DSC method

will be used to compare the e�ectiveness of the cation on inhibitinghydrate formation.

Because NaCl, KCl, and NH4Cl have di�erent molecular weight, di�erent mass fraction of salt is u sed to

keep the same molality (mole fraction) of aqueous solution. In turn, because the three salts are all monovalent,

the ionic strength of all solutions is the same (see Table 3.1). The hydrate equilibrium conditions for CH4

hydrate in the presence of NaCl, KCl, and NH4Cl for concentrations up to about 10 wt% are shown in

Figure 4.6. For the data with about 5 wt% salt, there is little di�erenc e in hydrate inhibition strength

among NaCl, KCl, and NH4Cl. At the higher concentration of about 10 wt% salt, the di�erence among

the salts is better seen from the average hydrate dissociation temperature suppression (4 Tdis ), as shown in
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Figure 4.6(b). The 4 Tdis for the about 5 wt% salt system is 2.19 K for NH4Cl, 2.30 K for NaCl, and 2.14 K

for KCl, and for about 10 wt% salt is 4.76 K for NH4Cl, 4.98 K for NaCl, and 4.77 K for KCl. These results

suggest that Na+ , K+ , and NH4
+ are e�ective hydrate inhibitions, with Na + being slightly better than K +

and NH4
+ on an equal molar basis (ionic strength).

The trend observed for the hydrate inhibition performance by salts measured in this study (NaCl >

KCl ~ NH 4Cl) agrees well with literature results [83]. It is found that Na+ have higher hydrate inhibition

performance than K+ and NH4
+ because Na+ has a smaller ionic radius compared to K+ and NH4

+ . Hribar

et al. [84] reported the cation size e�ects on ion solvation in water. Table 4.1 summarizes the available

literature data of ionic radius, hydrated radius and hydration number for Na+ , K+ , and NH4
+ , and Figure 4.7

shows the variation in hydrated radius of ions. Although Table 4.1 shows inconsistency in hydrated radius

and hydration numbers from literatures for the season that di�erent methods are applied for measurements

and calculation, the same trend are observed that hydrated water molecules increases with decrease of ionic

radius, showing good agreement with Figure 4.7. It is obvious that the anion with larger ionic radius tends

to have larger coordination number, because for larger anions, more water molecules can enter into the �rst

coordination number. However, not all water molecules in �rst shell are hydrated. Since smaller cations

(Na+ ) can have a higher charge density, they lead to stronger electrostaticinteraction between the cations

and water molecules, resulting in larger hydration number and hydrated radius illustrated in Table 4.1, and

thus this stronger hydration force between water molecule and smallercations weakens hydrogen bonding

between water molecules. In contrast, larger cations (K+ and NH4
+ ) have lower charge density, allowing

water molecules to more easily interact with each other through hydrogenbonding (right side of Figure 4.8)

[33].

Figure 4.5: Microscopic con�gurations of water molecules around anion and cation.
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(a) (b)

Figure 4.6: (a) Methane hydrate phase equilibrium in the presence of NH4Cl, NaCl, and KCl, as measured
with the DSC method (5 wt% NH4Cl,  ; 5.44 wt% NaCl, # ; 6.83 wt% KCl, ; 10 wt% NH4Cl, P ; 10.83
wt% NaCl,  ; 13.41 wt% KCl, ). (b) Average hydrate dissociation temperature suppression (4 Tdis ) for
data with NH 4Cl (black bar), NaCl (white bar), and KCl (hashed bar) through DSC method . CSMGem
predictions (dash line in (a)) for pure CH4 hydrate equilibrium are used as the baseline for calculating the
4 Tdis .

Table 4.1: Literature data of ionic radius, hydrated radius and hydration numbers for cations (Na+ , K+ and
NH+

4 ).

Reference Cation Ionic Radius (nm) Hydrated Radius (nm) Hydration Numbers

Zhou et al. 2002 [82]
Na+ - 0.299 3.61

K+ - 0.275 2.46

Kiriukhin et al. 2002 [85]
Na+ 0.102 0.201 -

K+ 0.138 0.178 -

NH4
+ 0.161 0.104 -

Volkov et al. 1997 [86]
Na+ 0.117 0.358 -

K+ 0.149 0.331 -

NH4
+ 0.148 0.331 -

David et al. 2001 [87]
Na+ 0.1011 - 1.66

K+ 0.1377 - 0.16

Marcus et al. 1991 [88]
Na+ 0.102 0.218 3.5

K+ 0.138 0.212 2.6

NH4
+ 0.148 0.213 2.4
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Figure 4.7: Variation of hydrated radius wtih ionic radius of ions [89].

Figure 4.8: Schematic illustration for the di�erence in the hydrate inhibition performance by cations. Small
cations, such as Na+ , have a high charge density, causing a strong electrostatic interaction between the
cations and water molecules, thus making those water molecules unavailable to hydrogen bond with other
water molecules (left image). In contrast, larger cations, such K+ and NH4

+ , have a low charge density,
and the water molecules in the hydration layer can more easily hydrogen bond other water molecules (right
image) [33].
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CHAPTER 5

INSIGHT INTO INCREASED STABILITY OF METHANE HYDRATES AT HIGH PRESSURE FROM

PHASE EQUILIBRIUM DATA AND MOLECULAR STRUCTURE

A paper published in Fluid Phase Equilibria

Yue Hu, Bo Ram Lee, and Amadeu K. Sum

Before the study of hydrate phase equilibria in high salinity at high pressure, the methane hydrate disso-

ciation conditions with fresh water are measured up to 200 MPa with experimental apparatus and method

discussed in Section 3.2.3 to fundamentally understand the hydrateproperties. It is well-known, according

to the Clausius-Clapeyron equation, that hydrate phase equilibria data plotted on a semilogarithmic scale

for the hydrate dissociation pressure versus the reciprocal absolute temperature yield lines with a constant

slope over a limited temperature range, which implicitly assumesthat the hydrate volume approximates that

of water in the phase change and the compressibility factor is constant [90]. The slope of the line is directly

related to the heat of formation/dissociation of the hydrate which is an important property to use to calcualte

the energy needed to dissociate the hydrate formed in the 
owlines. A few literature studies veri�ed this

relationship with comparisons to measured heats for hydrate dissociation [91, 92, 93]. In order to overcome

the simplicity of the Clausius-Clapeyron equation, Gupta et al. [94] used instead the Clapeyron equation,

which showed better consistency between the measured and calculated heat of hydrate dissociation for the

limited pressure range up to 20 MPa, which corresponds to relatively small and low pressure conditions. In

another study, Anderson et al. [95] measured the methane hydrate phase equilibria over a wide pressure

range (up to 311 MPa), however, in their estimation of the hydrate heat of dissociation, they iteratively

calculated the hydration number by adjusting the enthalpy to meet the lower quadruple point conditions.

The method used, however, fails to capture the expected monotonictrend for decreasing hydration number

along the phase equilibrium boundary to higher pressure [95]. Here, wereport methane hydrate phase equi-

librium properties via experimental measurements, calculationsbased on experimental data measured and

collected from literature (< 230 MPa), and molecular dynamics (MD) simulations. For the calculations, the

hydration number was i) predicted from the van der Waals and Platteeuw model and ii) calculated through

molecular simulations [96], and the methane hydrate dissociation enthalpy was calculated with the Clausius

equation. The results of MD simulations support the results from themeasurements and calculations, and

provide a molecular insight into the changes of the thermophysical properties.
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5.1 Experimental Results of Methane Hydrate Phase Equilibria with F resh Water

Figure 5.1 and Table 5.1 show the measured methane hydrate phase equilibria, liquid water (L w ) +

hydrate (H) + CH 4 vapor (V), with pure water up to 200 MPa. The experimental system for this study

has a pressure limit of 207 MPa under temperature control, and the uncertainties of the temperature and

pressure measurements are± 0.25 K and ± 0.3 MPa, respectively. For the reliability and repeatability of the

experimental data, several repeat experiments are performed with anew fresh sample and details of the data

and methodology of the experimental procedure are given in the Section3.2.3. Unlike the linear relationship

of the plot with a logarithm scale for the pressure versus temperaturetypically observed for pressures below

14 MPa, Figure 5.1 clearly shows a deviation from linearity as the pressure increases; the actual hydrate

phase equilibrium data are actually at a higher temperature and lower pressure compared to the linear limit

of the low pressure data. There can be a number of reasons for the observed deviation from linearity at

high pressures, as the phase equilibrium conditions is highly dependent on the physical properties of liquid

water and methane gas. To better understand this behavior, we look into the how di�erent macroscopic and

microscopic properties depend on pressure via (i) thermodynamiccalculations and (ii) molecular simulations.
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Figure 5.1: Measured methane hydrate phase equilibria in pure water with best solid �t line and dashed line
guiding eye for linear dependency over the temperature range considered.

5.2 Thermodynamic Calculations

To cover a broad range of pressures, our data together with literature data (measured between 5 and

230 MPa) for the three-phase equilibrium of methane hydrate, Lw { H {V, are plotted in Figure 5.2(a).
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Table 5.1: Methane hydrate phase equilibrium conditions with pure water.

Temperature (K) Pressure (MPa)
295.75 34.3
301.65 69.3
305.75 103.7
307.45 122.1
309.85 150.1
311.95 177.7

The plot clearly shows that the semilogarithmic plot does not show a linear relationship, suggesting that

the Clausius-Clapeyron equation is invalid over the temperature/pressure range considered. However, if

we instead consider smaller pressure ranges and segment the data intosix sections (A to F) as shown in

Figure 5.2(a), each section can be well �tted with a linear line, each with di�erent slope, which is related to

the heat of formation/dissociation. If we consider that the volume change to form hydrates is non-negligible,

we can start with the Clapeyron equation, which can be written in the following form:

dP
dT

=
4 H

T4 V
d ln (P)
d (1=T)

= �
T
P

4 H
4 V

(5.1)

The corresponding volume change (4 V ) is

4 V = VCH 4 (P; T) + nVH 2 O (P; T) � Vhydrate (P; T) (5.2)

where P and T are the pressure and temperature, respectively, along the equilibrium curve, and 4 H is the

enthalpy of methane hydrate formation/dissociation. To determine 4 H , the slope of each section based on

the values ofP and T is calculated at the median pressure and temperature for a given section (see details

in Table 5.2). To calculate the change in volume (4 V ), the volume of methane vapor, hydrate and liquid

water at the speci�c hydrate phase equilibrium conditions are obtained assuming (i) methane is immiscible

in water ( the calculated solubility of methane in water in the pressure range of interest is included in

Table 5.3) and (ii) the amount of water in the vapor phase is negligible. The molar volume of methane vapor

(VCH 4 ) and liquid water ( VH 2 O ) are obtained from the NIST WebBook [97], and the molar volume of hydrate

(Vhydrate ) containing one mole of methane vapor is determined at the speci�c pressure and temperature at

each section. In order to calculate accurate the molar volume of hydrate (Vhydrate ), the e�ect of pressure

and temperature on the volume of hydrate is taken into consideration. The hydrate structure I unit cell at 0

MPa and 271.15 K (V 0
cell ) [98], the volume coe�cient of compressibility ( � T ) [98] and the volume coe�cient

of thermal expansion (� ) [99], are collected in Table 5.4 and are important data to calculate the hydrate
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volume at speci�c temperature and pressure. For structure I hydrate crystal cell, the unit cell contains 46

water and 46/n gas molecules (n is the hydration number), and thus, the volume of hydrate at corresponding

hydrate dissociation conditions based on one mole of methane can be calculated by the following equation

[95]:

Vhydrate

�
m3

molCH4

�
= V 0

cell (1 � � T P) (1 + � � (T � 271:15)) �
n
46

(5.3)

The hydration number, n, which depends on the fractional occupancy of the small and large cavities in

structure I with methane and can be calculated based on the van der Waals and Platteeuw model [20]. The

hydration number at the speci�c hydrate phase equilibrium points is plotted in Figure 5.2(b). The results

are consistent with the understanding that the amount of gas trapped in both cages gradually increases and

approaches full occupancy as the pressure increases, causing the hydrate number to decrease and approach

the limiting value of 5.75 (full occupancy). Combining all the above information, the enthalpy of methane

hydrate dissociation along the phase boundaries in each section are calculated and included in Table 5.5 and

Figure 5.2(c). The error bars for the data shown in Figure 5.2(c) are determined from the uncertainty in the

hydration number. Given the possible uncertainties in the hydration number calculated from the van der

Waals and Platteeuw model, we also used the hydration number as determined from molecular simulations

up to 55 MPa based on a previous study [96], which are free of model assumptions, except the molecular

models used [96]. Figure 5.3 shows the calculated hydration number based on the molecular simulations and

the vdW&P model. The graph is separated into two parts based on pressure range: i) 5 to 50 MPa where

the total occupancy of methane hydrate is calculated through molecular simulations (Jensen et al. [96]), and

ii) 50 to 200 MPa where we know the hydration number is bound by the limiting values. The results from

molecular simulations for the occupancy of methane hydrate lower than 50MPa can be used to check the

deviation in the dissociation enthalpy resulting from the inaccurate calculation of hydration number through

the vdW&P approach, as shown in Table 5.6. We also know that the hydration number follows a monotonic

trend in decreasing values as the pressure increases. As such, thehydration number in the pressure range

from 50 to 200 MPa cannot be larger than 5.821 which is the hydration number at 50 MPa from molecular

simulations, and simultaneously, it cannot be lower than 5.75, corresponding to full occupancy. The hydrate

dissociation enthalpy can then be calculated based on upper and lower limits of the hydration number, as

shown in Table 5.6.

The enthalpy change are nearly constant at lower pressure (below ~50 MPa)as shown in Figure 5.2(c),

which is consistent with reported literature values [91]; however, we also see that the enthalpy change starts to

slightly increase as the pressure increases above ~50 MPa. The increase in the hydrate dissociation enthalpy

indicates the hydrate phase becomes more stable, further demonstrating the results shown in Figure 5.1,
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that is, the hydrate phase equilibrium conditions slopes to higher temperature and lower pressure as the

pressure increases. To better understand the increase in the hydrate dissociation enthalpy, we investigated

how the molecular properties of the hydrate, water, and methane are changed.

Table 5.2: Parameters of linear regression for the semilogarithmic plots of hydrate dissociation pressure
versus reciprocal absolute temperature in Figure 5.2(a).

Section Temperature Range (K) Slope Intercept
A 280 ~ 285 -8.3527 31.492
B 285 ~ 295 -10.249 38.142
C 295 ~ 300 -10.897 40.339
D 300 ~ 306 -9.5292 35.806
E 306 ~ 310 -8.8940 33.725
F 310 ~ 314 -9.1314 34.468

Table 5.3: Methane solubility (mole fraction) in water along the hydrate phase equilibrium conditions de-
termined with the method proposed by Duan et al. [104].

Temperature (K) Pressure (MPa) xmethane

283 7.2 0.001924
289 14.5 0.002714
298 44.6 0.004053
303 77.3 0.004845
308 126.8 0.005628
313 196.1 0.006208

Table 5.4: Parameters used to calculate the volume of hydrate at �xed pressure and temperature.

V 0
cell (m3 /mol cell) � T (MPa � 1) � (K � 1)

0.0010285 0.0001 0.0003

5.3 Molecular Dynamics Simulation Results

To understand the DH increase with pressure, molecular dynamics (MD) simulations wereperformed

on pure methane, pure water and structure I clathrate hydrate. Molecular dynamics (MD) simulations

were performed on pure methane, pure water and structure I clathratehydrate. The simulations considered

cubic boxes with size of 2.5 nm and 5.0 nm containing 506 methane and 512 watermolecules, respectively.

The methane molecules are described as simple Lennard-Jones (LJ) interaction sites [105], and the water

is modelled with the TIP4P-ice [106]. The short-range interactions aretruncated at 1.0 nm, and the long-

range are corrected with the Particle-Mesh Ewald method [107, 108] (k-space cut-o� of 1.0 nm, 0.12 nm

for the grid size, 4th order spline interpolation). The hydrate crystal simulated consisted of a 2Ö2Ö2 sI

hydrate unit cells, totalling 368 water molecules. Constant temperature and constant pressure simulations
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Figure 5.2: Phase equilibrium properties calculated for methane hydrates. (a) Hydrate phase equilibrium
data from Adisasmito et al. [100] ( ), De Roo et al. [29] (# ), Marshall et al. [101] (6 ), Dyadin et al.
[102] (9 ), Nakano et al. [103] (+) and this study ( 1 ) up to 225 MPa. (b) Variation of hydration number
as calculated from the van der Waals and Platteeuw model. (c) Calculated enthalpy of methane hydrate
dissociation along phase boundaries as from equation (1) (calculation of erroris included in Table 5.6).
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Table 5.5: Enthalpy of methane hydrate dissociation in each section.

Section Temperature (K) Pressure (MPa) n 4 V (m3 /mol CH4) 4 H (kJ/mol CH4)
A 283 7.2 6.07 2.52E-4 53.78
B 289 14.5 5.97 1.04E-4 53.66
C 298 44.6 5.86 3.39E-5 53.89
D 303 77.3 5.81 2.27E-5 55.76
E 308 126.8 5.78 1.55E-5 56.95
F 313 196.1 5.76 1.00E-5 58.24

Figure 5.3: Calculated methane hydration number along phase equilibrium boundary through molecular
simulations (a ) and vdW&P approach (| black). The plot also shows the �tting line for t he molecular
simulation results (| green) below 50 MPa, as well as the upper (| orange) and lower limit (| brown) in
the pressure range from 50 to 200 MPa.

Table 5.6: Methane hydrate dissociation enthalpy calculated through theClapeyron equation with hydration
numbers from molecular simulations for pressures below 50 MPa and lowest and highest hydration numbers
for pressures from 50 to 200 MPa.

T (K) P (MPa) n simultion 4 H simulation

(kJ/mol CH 4)
4 H simulation � 4 H

(kJ/mol CH 4)
Error

283 7.2 5.947 53.90 0.12 � 0.12
289 14.5 5.899 53.83 0.17 � 0.17
298 44.6 5.821 54.16 0.27 � 0.27

T (K) P (MPa) nLow nUp
4 H Low 4 H Up 4 H Low � 4 H 4 H Up � 4 H

xaError
(kJ/mol CH 4) (kJ/mol CH 4)

303 77.3 5.750 5.821 56.50 55.65 0.74 -0.11 � 0.74
308 126.8 5.750 5.821 57.53 56.21 0.58 -0.74 � 0.74
313 196.1 5.750 5.821 58.66 56.48 0.42 -1.76 � 1.76

53



(NPT) were used to obtain the properties of methane, water and hydrate along hydrate phase boundary

for pressures from 10 to 200 MPa. The temperature was controlled with theNos�e-Hoover thermostat [109]

and the pressure with the Parrinello-Rahman barostat [110]. The simulations were performed long enough

to achieve equilibration of the systems by monitoring the potential energy. The simulations were performed

with Gromacs version 4.6.7 [111]. The potential parameters used for methaneand water in MD simulations

are listed in Table 5.7.

Table 5.7: Potential parameters for methane and water.

Model "=k (K) � (�A) qH (e) dOM (�A)
Water (H 2O) 106.1 3.1668 0.5897 0.1577

Methane (CH 4) 147.8 3.7301

Figure 5.4(a) shows the radial distribution function (RDF) obtains from the simulations of liquid water

at the conditions along the phase equilibrium boundary. Little change is seen in the �rst peak position of the

RDFs, however, if we consider the coordination number in the �rst solvation shell (de�ned as the number

of molecules up to the �rst minimum in the RDF), shown in Figure 5.4( b), it increases as the pressure

increases, which is largely due to the increase in the density, shown in Figure 5.4(c). These results con�rm

that the water molecules are packed much more tightly in the liquid, facilitating the alignment of the water

molecules to form hydrates, and consequently, increasing the4 H and causing the hydrate equilibrium curve

to slope towards higher temperature and lower pressure. For methane, the �rst peak position of the radial

distribution functions, shown in Figure 5.4(a), is shifted to shorter distance for the conditions along the

phase equilibrium boundary, which con�rms that the molecules are much closer from the density increase

of methane, as shown in Figure 5.4(c). As for water, the coordination number for methane is the number

of methane molecules within the �rst coordination shell (�rst mini mum in the RDF). Considering these

properties changes of methane, the solubility of methane in water also increases as the pressure increases.

From the simulations, we also obtain the enthalpy of liquid water and methane gas at di�erent hydrate

phase equilibrium conditions, as shown in Figure 5.4(d); the enthalpy for both increase with increasing

pressure, considering pressures above 50 MPa for methane. The methane hydrate dissociation enthalpy is

in
uenced by the enthalpy di�erence between the free phases (liquid water and vapor methane) and the

hydrate. Therefore, from the enthalpy of water, methane and hydrate, separately, the total enthalpy for the

dissociation of hydrates [CH4�nH2O (s) � CH4 (g) + nH2O (l)] is calculated according to Equation 5.4 and

included in Figure 5.5 and Table 5.8.

4 H
�

kJ
molCH4

�
= nH H 2 O + HCH 4 � Hhyd (5.4)
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The trend of methane hydrate dissociation enthalpy along the phase boundary from the molecular simulation

shows good agreement with that calculated through the Clapeyron equationbased on experimental data in

Figure 5.5. The di�erences in the absolute value of hydrate dissociation result from the inconsistence of

experimental and simulation results of methane hydrate phase equilibrium conditions [96]. According to

the simulation results in Figure 5.5, the enthalpy of methane hydrate dissociation at the simulated phase

equilibrium condition (321 K and 77.4 MPa) is higher than that at experimental conditions (303 K and 77.4

MPa) as shown in Table 5.8.

Table 5.8: Enthalpy of methane hydrate dissociation in each section.

Pressure Temperature (K) N CH 4
c n H CH 4 H H 2 O H Hyd 4 H

(MPa) Exp. a Sim.b
(kJ/mol
CH 4)

(kJ/mol
H 2O)

(kJ/mol
CH 4)

(kJ/mol
CH 4)

14.5 289 - 62 5.94 3.58 -47.31 -325.21 47.64
44.6 298 - 63 5.84 2.53 -45.95 -313.32 47.49

77.3
303 - 64 5.75 3.06 -44.96 -302.91 47.45

- 321 64 5.75 3.68 -43.35 -295.82 50.26
126.8 308 - 64 5.75 4.29 -43.72 -295.17 48.06
196.1 313 - 64 5.75 6.20 -42.22 -284.85 48.27

aMeasured hydrate phase equilibrium temperature at given pressure
bSimulated results of hydrate phase equilibrium temperature at given pressure

cThe number of methane molecules in the hydrate has a maximum value of 64, corresponding to a 2� 2� 2
sI hydrate unit cell [96]
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Figure 5.4: E�ect of pressure on thermophysical properties of liquid water and methane gas along the phase
equilibrium boundary conditions on (a) radial distribution function ( red-14.6 MPa, blue-44.6 MPa, pink-77.4
MPa, green-126.8 MPa, black-196.2 MPa), (b) coordination number, (c) density (solid-lines obtained from
NIST WebBook [97]), and (d) enthalpy.
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Figure 5.5: Enthalpy of methane hydrate dissociation along the phase equilibrium boundary conditions: (a)
results from simulation at experimental (a ) and simulated (1 ) hydrate dissociation conditions; (b) results
from calculations through Clapeyron equation (Equation 5.1) based on the experimental results (P ).
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CHAPTER 6

GAS HYDRATES PHASE EQUILIBRIA FOR BRINES UP TO 200 MPA

A paper published in Journal of Chemical & Engineering Data

Hu, Yue, Taras Y. Makogon, Prasad Karanjkar, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum.

A paper published in Journal of Industrial and Engineering Chemistry

Hu, Yue, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum

A paper published in The Journal of Chemical Thermodynamics

Hu, Yue, Taras Y. Makogon, Prasad Karanjkar, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum

A paper published in Journal of Natural Gas Engineering

Hu, Yue, Taras Y. Makogon, Prasad Karanjkar, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum

A paper published in Journal of Natural Gas Science & Engineering

Hu, Yue, Bo Ram Lee, and Amadeu K. Sum.

Even though it is imperative to study and understand the hydrate formation in near-saturated/saturated

salt solutions and at ultra-high pressure (> 69 MPa) with the appraisal and development of oil and gas

reservoir at ultra-deep water depth, there is no open literature data to ful�ll these conditions due to the

challenges associated with experimental design and setting up, and assuch the predicted phase equilibria

in high salinity from existent tools (Multi
ash ® and PVTsim r ) are not benchmarked with experimental

data and becomes inconsistent with the increase of pressure and salt concentration in aqueous solution,

especially for calcium chloride (CaCl2) and calcium bromide (CaBr2), according to the discussion in Section

2.3. As shown in Figure 6.1, majority of existing data are for methane hydrate phase equilibira with

under-saturated salt solutions at relatively low pressure, below 80MPa. In order to ful�ll these gaps, a

new apparatus to measure hydrate formation conditions was designed and setup capable up to 207 MPa

overcoming the di�culties in terms of safety issues, corrosion nature of high salinity systems and mixing

problems as illustrated in 3.2.3.

Salts, such as sodium chloride (NaCl) and organic inhibitor, such as mono-ethylene glycol (MEG) are

known as thermodynamic hydrate inhibitors (THIs), and they display the hydrate phase equilibrium bound-

ary to conditions of higher pressures and lower temperatures, in partby lowering the activity of water in the
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coexisting liquid phase. Therefore, measurements of hydrate phase equilibria in chloride/bromide solutions,

separately, as well as mixed thermodynamic hydrate inhibitors (THIs) through isochoric method will be

performed and su�cient experimental data will be collected for the improvement of modeling work.
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Figure 6.1: Existing literature data [25, 29, 27, 28, 24, 112]of methane hydrate phaseequilibria in the presence
of NaCl.

6.1 Hydrate Phase Equilibiria with Chloride Salts

6.1.1 Experimental Results of Hydrate Phase Equilibria with Chlorid e Salts

The measured data for methane and methane/ethane hydrates phase equilibria in NaCl, CaCl 2, KCl,

or MgCl2 are presented in Figure 6.2 to Figure 6.5 and Table 6.1 to Table 6.6. Solid anddashed lines in

those �gures represent the best-�t lines to the experimental data and predictions calculated by PVTsimr

Nova (Revision 1.0.176) or Multi
ash r (Version 6.0.09), respectively. The equation of the best-�t lines for

methane or methane-ethane hydrate phase equilibria in brine systems is shown below:

log10 (P) = B0 + B1T + B2T2 (6.1)

whereP and T represent system pressure and temperature;B0, B1and B2 are parameters listed in Table 6.7

and Table 6.8. The inset plots in Figure 6.2 to Figure 6.5 show the comparison between the experimental data

and predictions by PVTsimr and Multi
ash r for one of the highest concentrations applicable. Note that

predictions with PVTsim r cannot be obtained for NaCl over 26 wt%, 25.4 wt% KCl and any concentration

of MgCl2 for methane hydrates, while Multi
ash r does not converge for NaCl over 27 wt% for methane

hydrates. With the exception of the results for KCl, the deviation of the predictions to the experimental
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data increases as the salt concentration and pressure increases, as shown in Figure 6.2 to Figure 6.5 and

Table 6.1 to Table 6.6. For CH4 hydrate phase equilibria, we represented the average absolute deviations

(AAD ) between experimental and predicted results in Table 6.1 to Table6.6. The AAD are calculated based

on;

AAD =

P

n
jTpredict � Texp j

n
(6.2)

where Texp and Tpredict are the experimental and predicted hydrate phase equilibrium temperature, respec-

tively, at same pressure; andn represents the number of experimental data measured for each system. AAD

are widely used to quantify the performance of prediction methods in previous literature. For consistency,

AAD is applied in this study to evaluate the performance of prediction methods. The measured data are

very valuable for assessing the accuracy of model predictions. As shown from the results, the deviation of

the predictions to the experimental data tends to increase as the salt concentration and pressure increases.

Since the reported data are the �rst in the study for the high salt concentration and high pressures, it is

unlikely that the models used with the prediction tools were tested or tuned at these conditions. As such,

these data have very important value to improve prediction modelsso that they become more reliable over

a wider range of salt concentration and pressure.

6.1.2 Study of Four-phase Hydrate Equilibria in Saturated NaCl Aqueous Sol utions

To understand the e�ect of high salinity on the stability of methane hy drates, experimental measurements

of hydrate phase equilibria were performed for under-saturated and over-saturated NaCl solutions; NaCl

saturation in water is ~26.4 wt% at 293.15 K [113]. Depending on the salt concentration, the measured

data ( shown in Table 6.1) either correspond to three (CH4 [g] { Solution [l] { Hydrate [s]) or four (CH 4

[g] { NaCl [s] { Solution [l] { Hydrate [s]) phase equilibrium. Figure 6.6 shows the phase diagram for the

CH4-H2O-NaCl system that is based on the binary (H2O-NaCl) phase diagram and with the assumptions:

(i) methane is immiscible in the aqueous solution at all pressure conditions. This assumption implies that

dissolved methane does not a�ect the solubility of NaCl in water, and conversely, NaCl has a negligible e�ect

on the solubility of methane in water; (ii) salt solubility line is in dependent of pressure, which assumes that

pressure has no e�ect on salt solubility; and (iii) there is excessliquid or gas is the limiting phase. For

the case with excess gas, the salt solubility curve does not exist below the quadruple point and all solution

would be converted to hydrate and solid salt. If we superimpose the hydrate equilibrium conditions on phase

diagram, for under-saturated solutions (12, 23, and 26 wt% NaCl at 293.15 K), the temperatures of hydrate

phase equilibrium are represented by blue (solid and dashed) lines, which correspond to three-phase (L-H-V)

equilibrium at di�erent pressures, P1 and P2. According to Schreinemaker's Rule, N univariant loci can
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Figure 6.2: Hydrate phase equilibrium conditions in sodium chloride (NaCl) solutions. CH4 hydrates for
0 wt% (# -black), 12 wt% (# -blue), 23 wt% (# -red), 26 wt% (# -green), 27 wt% (# -darkgreen) and 30
wt% NaCl (# -pink); CH 4/C 2H6 hydrates for 0 wt% (1 -black), 12 wt% (1 -blue), 23 wt% NaCl (1 -red);
Literature data { Haghighi (2009, 3 ) [23], Kharrat (2003, 9 ) [24], Jager (2001, ) [25], Kobayashi (1951,
6 ) [26], Maekawa (1995, x) [27], Mohammadi (2008, +) [28] and de Roo (1983,� ) [29]. The inset �gure
represents the deviation between experimental data and data predicted by PVTsim r and Multi
ash r . (for
methane hydrate { PVTsim r : dotted, Multi
ash r : short dash, for methane/ethane hydrate { PVTsim r :
dash-dot, Multi
ah r : long dash). Linear lines are the best �t by polynomial regression.
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Table 6.1: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane hydrate phase equilibrium data in the presence of NaCl. The systems marked with stars (*)
correspond to four-phase equilibrium for liquid-hydrate-vapor-salt precipitated.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

12

288.00 29.1 0.22 0.39
290.41 37.8 0.65 0.01
290.44 37.8 0.68 0.04
293.75 62.0 0.23 0.77
293.55 62.0 0.43 0.98
296.29 80.7 0.04 0.65
298.55 102.8 0.22 0.80
298.45 102.6 0.32 0.90
301.95 142.1 0.39 0.94
304.65 183.9 0.55 1.36

AAD 0.37 0.69

23

277.45 28.0 0.64 0.01
278.26 32.0 0.78 0.71
278.35 32.0 0.69 0.61
282.25 56.9 1.28 1.05
284.75 78.3 1.62 1.33
287.35 99.5 1.96 1.24
290.85 145.5 2.30 1.50
293.25 183.4 2.90 1.72

AAD 1.53 1.01

26

278.85 62.0 - 0.94
278.75 62.0 - 1.04
282.55 97.1 - 1.23
285.55 132.2 - 1.34
288.65 182.5 - 1.925

AAD - 1.29

27*
279.45 77.8 - -
282.55 113.5 - -
286.05 172.7 - -

30*
279.55 78.1 - -
284.45 141.4 - -
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Table 6.2: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane-ethane hydrate phase equilibrium data in the presence of NaCl.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

12

292.43 34.3 0.73 1.25
292.43 34.4 0.73 1.25
297.26 67.4 0.84 1.46
301.37 101.6 0.52 1.26
304.26 134.8 0.66 1.85
307.43 176.7 0.80 2.82

AAD 0.71 1.65

23

282.26 33.2 1.74 1.20
286.93 67.3 2.14 1.41
290.37 98.8 2.35 1.48
293.43 1434.7 2.71 1.83
296.65 179.0 3.34 3.05

AAD 2.46 1.79

5-10 wt% 

10-17 wt% 

17-26 wt% 

Temperature [K]

250 260 270 280 290 300 310 320

P
re

ss
ur

e 
[M

P
a]

200
150

100

70

40

20

10

5

2

32 wt% CaCl2 

Figure 6.3: Hydrate phase equilibrium conditions in calcium chloride (CaCl2) solutions. CH4 hydrates for
0 wt% (# -black), 20 wt% (# -red), 23.8 wt% (# -green) and 32 wt% CaCl2 (# -blue); CH4/C 2H6 hydrates
for 0 wt% (1 -black), 20 wt% (1 -red) and 32 wt% CaCl2 (1 -blue); Literature data { Atik (2006, 3 ) [31],
Kharrat (2003, 9 ) [24] and Mohammadi (2008, ) [28]. The inset �gure represents the deviation between
experimental data and data predicted by PVTsimr and Multi
ash r (for methane hydrate PVTsim r : dotted,
Multi
ash r : short dash; for methane/ethane hydrate, PVTsimr : dash-dot, Multi
ah r : long dash). Linear
lines are the best �t by polynomial regression.
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Table 6.3: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane hydrate phase equilibrium data in the presence of CaCl2.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20

277.87 21.0 0.33 0.47
279.43 26.7 0.25 0.60
280.93 33.9 0.03 0.87
285.37 58.3 0.10 0.02
288.87 87.9 0.25 1.03
291.76 116.8 0.37 1.05
294.15 148.6 0.78 1.35
296.37 184.2 1.33 1.80

AAD 0.43 0.90

23.8

277.04 38.0 0.85 0.29
280.87 63.0 0.54 0.15
286.15 112.1 0.03 0.03
288.93 150.1 0.67 0.39
291.15 185.5 1.19 0.64
291.15 185.6 1.19 0.64

AAD 0.75 0.36

32

257.15 65.6 7.15 2.88
259.37 91.8 8.53 3.25
260.87 118.2 9.63 3.90
261.76 121.3 9.35 3.30
263.54 153.36 10.73 3.88
263.93 174.5 12.10 4.81

AAD 9.58 3.67

Table 6.4: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane-ethane hydrate phase equilibrium data in the presence of CaCl2.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20

284.76 32.0 3.60 1.03
289.93 67.7 3.14 1.20
293.65 102.0 1.91 1.35
296.93 138.3 0.48 1.79
299.65 175.2 1.27 2.79

AAD 2.08 1.63

32

261.65 67.2 8.08 2.71
264.76 98.4 8.83 2.73
267.04 120.6 9.54 2.67
268.04 135.5 10.81 3.54
270.26 171.5 9.03 2.42

AAD 9.26 2.81
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Figure 6.4: Hydrate phase equilibrium conditions in potassium chloride(KCl) solutions. CH 4 hydrates for
0 wt% (# -black), 23 wt% (# -blue), 25.4 wt% (# -red), 30 wt% (# -darkgreen) and 40 wt% KCl (# -pink)
[11]; Literature data { Mohammadi (2008, 3 ) [28], Cha (2016,9 ) [112] and Haghighi (2009, ) [23]. The
inset �gure represents the deviation between experimental data and data predicted by Multi
ash r (short
dash) at 30 and 40 wt% KCl, saturation concentrations for methane hydrate. Linear lines are the best-�t
by polynomial regression.
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Figure 6.5: Hydrate phase equilibrium conditions for CH4 gas in magnesium chloride (MgCl2) solutions.
CH4 hydrates for 0 wt% (# -black), 20 wt% (# -blue) and 25 wt% (# -red); Literature data { Atik (2006, 3 )
[31], Kang (1998,9 ) [32] and Haghighi (2009, ) [23]. The inset �gure represents the deviation between
experimental data and data predicted by Multi
ash r (short dash) at 25 wt% MgCl2 for methane hydrate.
Linear lines are the best �t by polynomial regression.
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Table 6.5: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane hydrate phase equilibrium data in the presence of KCl. Thesystems marked with stars (*) corre-
spond to four-phase equilibrium for liquid-hydrate-vapor-salt precipitated.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20

282.26 18.6 0.37 0.54
287.37 38.4 0.62 0.85
290.93 60.4 0.81 0.91
293.54 80.7 0.86 0.95
295.65 99.7 0.88 0.87
298.65 135.9 1.27 1.26
301.65 180.1 1.57 1.62

AAD 1.0 1.0

23

285.35 37.5 0.73 0.81
286.35 43.8 0.94 1.09
291.55 79.8 1.02 0.92
294.25 107.14 1.33 1.13
296.45 133.0 1.58 1.13
299.35 174.8 1.68 1.46

AAD 1.22 1.09

25.37*

284.43 38.0 - 0.17
285.93 48.9 - 0.67
289.37 78.36 - 1.33
290.93 91.5 - 1.14
294.54 133.1 - 1.32
297.15 174.1 - 1.90

AAD - 1.09

30*

286.95 57.5 - 2.89
288.45 92.6 - 1.92
293.05 130.7 - 1.34
295.25 173.9 - 0.15

AAD - 1.58

40*

286.15 50.6 - 3.13
288.45 70.9 - 2.54
289.15 78.7 - 2.38
291.95 113.3 - 1.71

AAD - 2.44
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Table 6.6: Summary assessment of predictive tools (PVTsimr and Multi
ash r ) compared to measured
methane hydrate phase equilibrium data in the presence of MgCl2.

Concentration (wt%)
Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20

277.65 41.7 - 2.77
281.95 72.3 - 3.06
285.458 104.8 - 3.15
287.85 130.8 - 3.13
290.75 175.3 - 3.67

AAD - 3.16

25

266.75 56.2 - 7.19
268.65 72.9 - 7.46
271.25 96.2 - 7.41
274.15 134.3 - 7.96
276.65 175.0 - 8.53

AAD - 7.71

Table 6.7: Parameters of polynomial regression for methane hydrate phase equilibria in brine systems.

Salt
Concentration

(wt%)
B0 B1 B2 R2

Fresh Water -74.9202 0.4619 -6.8772E-04 0.9999

NaCl

12 -82.9222 0.5241 -8.0253E-04 0.9971
23 -99.4286 0.6591 -1.0600E-03 0.9996
26 -54.4058 0.3507 -5.3499E-04 0.9994

Saturated -20.7161 0.1088 -9.9767E-05 0.9995

CaCl2
20 -72.1697 0.4654 -7.2297E-04 0.9995

23.8 -63.4921 0.4122 -6.4002E-04 0.9998
32 -79.2047 0.5640 -9.6805E-04 0.9796

KCl

20 -73.9660 0.4686 -7.1589E-04 0.9998
23 -65.8591 0.4165 -6.3150E-04 0.9997

25.37 -115.3262 0.7557 -1.2100E-03 0.9983
Saturated -67.2219 0.4178 -6.1810E-04 0.9992

MgCl 2
20 -71.2432 0.4681 -7.4060E-04 0.9988
25 -48.9723 0.3259 -5.0883E-04 0.9987

Table 6.8: Parameters of polynomial regression for methane-ethane hydrate phase equilibria in brine systems.

Salt
Concentration

(wt%)
B0 B1 B2 R2

Fresh Water -123.2326 0.7704 -1.1800E-03 0.99938

NaCl
12 -106.2353 0.67439 -1.0500E-03 0.99906
23 -122.7172 0.81098 -1.3100E-03 0.99907

CaCl2
20 -118.8132 0.77734 -1.2500E-03 0.99939
32 -43.6929 0.29733 -4.7141E-04 0.99606
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emanate from any invariant point, where N is the number of phases which coexist in the invariant point. The

four univariant loci (CH4 [g] { NaCl [s] { Solution [l], CH4 [g] { Solution [l] { Hydrate [s], CH4 [g] { NaCl [s]

{ Hydrate [s], and Solution [l] { NaCl [s] { Hydrate [s]) emanate from the quadruple point indicated by the

squares, which are obtained from over-saturated solutions (27 and 30 wt% NaCl, total salt amount) [114].

In the measurements with the over-saturated NaCl solutions, only one temperature is actually measured for

the hydrates dissociation at constant pressure because the solution must be in equilibrium with the hydrate

at the saturation concentration; any excess salt is precipitated.

Based on the phase diagram in Figure 6.2, measurements were made for three-phase equilibrium (CH4 [g] {

NaCl solution [l] { Hydrate [s]) with NaCl concentrations of 0, 12, 23 and 26 wt%, andfour-phase equilibrium

(CH4 [g] { NaCl solution [l] { NaCl precipitated [s] - Hydrate [s]) with 27 and 30 wt% NaCl. The phases

present for 27 and 30 wt% NaCl were veri�ed through visual observations performed at atmospheric pressure

and various temperatures between 263.75 and 293.15 K, see Figure 6.7. On increasing the NaCl concentration

from 12 to 27 wt%, the hydrate stable region shifted to harsher condition, i.e. lower temperature and

higher pressure. Interestingly, the data for 27 wt% and 30 wt% NaCl coincide, demonstrating that the

measured equilibria at these concentrations correspond to the same equilibrium conditions corresponding

to the quadruple point: the excess salt above the saturation concentration is precipitated and the solution

remains at saturation. As shown in Table 6.1, PVTsimr cannot provide the predictive results of methane

hydrate phase equilibiurm in NaCl aqueous solutions with concentrationequal or higher than 26 wt% due

to the unreliable estimation of NaCl solubility in water. On the other s ide, the results for four (CH4 [g] {

NaCl [s] { Solution [l] { Hydrate [s]) phase equilibria predicted by M ulti
ash r show large deviation with

experimental data in Figure 6.2, since it fails to �gure out the quadruple points, and as such, the hydrate

phase equilibrium conditions always move to lower temperature andhigher pressure even though the NaCl

concentration has already reached the saturation.

6.1.3 Study of Four-phase Hydrate Equilibria in Saturated KCl Aqueous S olutions and Pres-
sure E�ect on the Solubility of KCl in Water

The data with 30 and 40 wt% KCl coincide in Figure 6.4, demonstrating that the measured equilibria

at these concentrations correspond to the same equilibrium conditions corresponding to the quadruple point

(KCl solution [l] { Hydrate [s] { KCl precipitated [s] { CH 4 [g]): the excess salt above the saturation

concentration is present as a solid precipitate and the solution remains at saturation. The system with 25.4

wt% KCl was intentionally selected, as it is the saturation concentration at atmospheric pressure and room

temperature (293.15 K) conditions [113]. Interestingly, for temperatures below 287 K, the phase equilibrium

data with 25.4 wt% KCl coincide with the quadruple points measured with 30 and 40 wt% KCl system. For
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Figure 6.6: (a) Schematic phase equilibrium plot for methane hydrate with increasing salt concentration up
to saturated conditions. (b) Illustrative phase diagram for NaCl + water + m ethane showing the temperature
limits for methane hydrates. The symbols shown in the plots correspond match the conditions for hydrate
phase equilibrium of brine-hydrate-vapor. The quadruple points (brine-hydrate-vapor-salt) end at the salt
solubility line.
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26 wt% NaCl 
(Near saturation) 

27 wt% NaCl 
(Over saturation) 

30 wt% NaCl 
(Over saturation) 

2. Temp. = 263.75 K 
(Saturation, ~25.0 wt%) 
Temperature for hydrate  
formation 
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Figure 6.7: Visual observations of NaCl precipitation at/near- or over-saturated concentration at 293.15,
263.75 and 278.75 K and atmospheric pressure. Images with a blue dashed outlinerepresent clear solutions
(no salt precipitate), while images with a red solid outline have salt precipitated (NaCl or NaCl ·2H2O).

temperatures above 287 K, the phase equilibrium boundary with 25.4 wt%KCl gradually deviates from the

quadruple point line. These data clearly demonstrate the phase transition from four-phase (KCl solution

[l] { Hydrate [s] { KCl precipitated [s] { CH 4 [g]) to three-phase equilibria (KCl solution [l] { Hydrate [s]

{ CH 4 [g]), which results from the increased salt saturation concentration with increasing temperature and

pressure.

Unlike our previous measurements of methane hydrate phase equilibrium along the NaCl saturation,

which showed little dependence on pressure, the KCl saturation concentration in water signi�cantly increases

with increasing pressure, as shown in Figure 6.4. To determine theincrease in the KCl saturation concentra-

tion with increasing pressure, we searched the literature to �ndonly one particular study reporting data for

electrolyte solubility as a function of pressure [115]. From thermodynamics considerations [116, 115, 117],

the pressure dependence for the solubility of an electrolyte in solution ( ms) can be expressed as:
�

@ln ms

@P

�

T
= �

�4 sol V
2RT [1 + ( @ln 
=@ln ms)]

(6.3)

where 
 is the mean activity coe�cient of the ions, 4 sol V = V 0
s � Vc is the volume change accompanying

dissolution, which corresponds to the di�erence between the partial molar volume of solute V 0
s at saturated

concentration and molar volume of the solid soluteV c, T is the temperature, andR is the gas constant. The

molar volume of 1:1 chloride salts in the solid state (V c) and partial molar volumes at aqueous saturation

(V 0
s ) at 298.2 K and 0.1 MPa are used to calculate the volume change accompanying dissolution, indicating
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that 4 sol V is assumed to be independent of temperature in this equation. Since the e�ect of temperature

on the term (@lng / @lnms) is weak, this term can be neglected, and Equation 6.3 can be simpli�edto:
�

@ln ms

@P

�

T
=

a (P)
T

(6.4)

where a is related to pressure. In order to investigate the relationship between variable a and pressure

P, the solubility data for KCl at 303 K for di�erent pressures [115] is �tte d with a polynomial regression

(parameters B0, B 1, B 2are included in ) as :

ms = B2P2 + B1P + B0 (6.5)

Consequently,a (P) can be evaluated to obtain:

a (P) =
�

@ln ms

@P

�

T
� T =

303� (2B2P + B1)
B2P2 + B1P + B0

(6.6)

By combining Equation 6.4 and 6.6, the solubility of KCl in water at various pressure and temperature can

be calculated, as shown in Figure 6.8. The predictions assume thata (P) is independent of temperature.

The dashed lines in Figure 6.8 represent the predicted solubility curves from 25 to 200 MPa, clearly

demonstrating the pressure in
uence on the KCl solubility. We also plot in Figure 6.8, the measured hydrate

phase equilibrium points corresponding to the quadruple points, showing that the KCl saturation concen-

tration increases as the hydrate equilibrium pressure increase. Shown in Figure 6.8 is the estimated phase

transition point (open circle), around 287 K and 56.4 MPa in 25.4 wt% KCl brine, which compares very well

with the predicted solubility, supporting the experimental and the calculations to estimate the solubility.

From these results, we see that the KCl saturation concentration increases from about 24.5 wt% to about

27.8 wt% over the temperature (284 { 296 K) and pressure range considered (38 { 174 MPa). Based on

the KCl solubility pressure dependence, we can adjust the phase diagram for the CH4{H 2O{KCl system,

as shown in Figure 6.9. If we superimpose the hydrate equilibrium conditions on this phase diagram, for

concentrations below saturation (in this study, 25.4 wt% KCl above 287 K,20 wt% and 23 wt% KCl), the

hydrate equilibrium temperatures are represented by the blue (solid and dashed) lines, corresponding to

three-phase (Solution { Hydrate { Vapor) equilibrium at di�erent pre ssures,P1 and P2 (P1 < P 2). The

four-univariant loci (Vapor { Salt { Solution / Vapor { Solution { Hydrate / Vap or { Salt { Hydrate / So-

lution { Salt { Hydrate) emanate from the quadruple point indicated by th e squares. Only one temperature

is measured for the hydrate dissociation at constant pressure at over-saturated concentration (in this study,

25.4 wt% KCl below 286 K, 30 wt% and 40 wt% KCl) because the solution must bein equilibrium with the

hydrate at the saturation concentration; any excess salt is precipitated.
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Table 6.9: Parameters for the best �t of pressure dependence for literature data on solubility of KCl at 303
K.

Parameter B 2 B 1 B 0

Value -7.4674E-6 0.00419 4.60595

Temperature [K]
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Figure 6.8: Pressure dependence of KCl solubility in water with temperature. Solid-black line represents
KCl solubility at 298.2 K and 0.1 MPa [113]. Dashed lines are predicted KCl solubility at di�erent pressure:
25 MPa (red), 50 MPa (green), 75 MPa (blue), 100 MPa (pink), 150 MPa (grey), 200 MPa (black). Symbols
represent predicted KCl saturation concentration at the measured quadruple points for: f , 25.4 wt%; a ,
30 wt%; 8 , 40 wt% KCl brines. Solid-red line corresponds to a best-�t line through quadruple points. Open
circle represents the predicted temperature and concentration atphase transition point, located on the solid
red line for the quadruple points.
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Figure 6.9: Illustrative phase diagram for KCl-water-methane showing the temperature limits for methane
hydrates. Blue (solid and dashed) lines correspond to hydrate equilibrium conditions for three (L-H-V)
phase coexistence at di�erent pressuresP1 and P2 (P1 < P 2). Red (open and solid) squares are the four-
phase equilibrium point for solution, hydrates, vapor and solid KCl at di�erent pressures, resulting from KCl
solubility curve shifted (black solid and dashed line) as the pressure increases.

6.2 Hydrate Phase Equilibiria with Bromide Salts and Mixed Bromide sal ts and Organic
Inhibitor

The measured hydrate phase equilibrium data in single CaBr2 solutions and mixed CaBr2 and MEG

systems are listed in Table 6.10 and Table 6.11 and plotted in Figure 6.10 and Figure 6.11, respectively.

The method to prepare single CaBr2 and mixed CaBr2and MEG solutions are introduced in Chapter 3. As

expected, the phase equilibrium boundary is signi�cantly shifted to lower temperature and higher pressure

with the addition of CaBr 2 and CaBr2 + MEG. This is the �rst report for data of these systems at these

conditions, and as such, there are no other data to compare. The measureddata correspond to three-phase

equilibrium (solution-hydrate-vapor) covering a wide range of pressures, from about 30 MPa to nearly 200

MPa. For the conditions considered, the solutions are undersaturated with CaBr 2; saturation concentration

is known to be 58.8 wt% CaBr2 at 293.15 K [118]. Although the addition of MEG lowers the solubility of

CaBr2, for the concentration tested, we found no evidence that the concentration used of MEG changed the

CaBr2 solubility in solution to cause CaBr2 to precipitate. The measured data were compared with predic-

tions generated by commonly used tools: PVTsimr Nova (Revision 1.0.176) and Multi
ashr (Version 6.1).

Previously, the performance of Multi
ash r (Version 6.0.09) is evaluated by comparing with experimental

data of hydrate phase equilibria in chloride solutions. As shown in Figure 6.10, Multi
ash r (Version 6.0.09)

gives unreliable predictions with very large deviation, about 43 K for both CH4 and CH4/C 2H6 hydrates for

the CaBr2 system. For the CaBr2 + MEG mixture system, no results were possible with Multi
ash r (Version
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6.0.09) as calculations did not converge. However, Multi
ashr (Version 6.1) improves the calculation of wa-

ter activity with addition of bromide salts, and as such, providing more reliable prediction as shown in

Figure 6.10 and Figure 6.11. On the other hand, PVTsimr provided reasonable predictions compared to

the measured experimental data (temperature deviation less than about 5 K), but a close comparison of

the predicted boundary show unusual curvature, especially for CH4/C 2H6 hydrates as shown in the insert

of Figure 6.10. Since there are no open literature data available for testing and modifying the prediction

model for the systems with CaBr2 or Mixed CaBr2 and MEG, there are relatively large deviations between

predicted and experimental results. Moreover, Chen et al. [119] pointed out that the Pitzer water activity

equation used in PVTsimr is not reliable for the mixed solvent systems because its parametersare a function

of solvent composition. In addition, the inaccuracy of these models in PVTsim r and Multi
ash r may result

from a de�ciency in accounting for both associating and coulombic interactions [120]. The measured data are

valuable data for further improving the predictive capabilities of PVTsim r , Multi
ash r and other software

tools. A semi-logarithmic scale has been used in these plots to show the non-linear relationship of hydrate

dissociation pressure versus temperature at ultra-high pressures. Chapter 5 discussed and demonstrated this

phenomenon with the investigation of various physical properties of water at ultra-high pressures.

6.3 Hydrate Phase Equilibiria in Mixed Brines Solutions

In the past decade, a number of studies focused on the measurementsof hydrate formation in mixed

electrolyte aqueous solutions as discussed in Section 2.2 [36, 35, 41, 44, 47, 121]. However, most of the data

in the open literature are for systems with low salt concentration (close to seawater salinity, i.e., 3.5 wt%),

and moreover, all are measured for pressures below 34.5 MPa (5,000 psia), which does not cover the wide

range of conditions to be encountered for more recent deep water oil/gas �eld development and production.

Therefore this study reports methane hydrate phase equilibria inbrines composed of mixed salts (NaCl,

KCl, CaCl 2 and MgCl2) for total salt concentration up to 29.2 wt% and for pressures ranging from 20 to

200 MPa (2,900 to 29,000 psia).

The measured data of methane hydrate phase equilibria in the presence of mixed salts (NaCl, KCl,

CaCl2 and MgCl2) with the speci�c composition shown in Table 3.3 at pressures rangingfrom 20 to 200

MPa are plotted in Figure 6.12 and summarized in Table 6.13. Since no open literature data of methane

hydrate phase equilibria in mixed salt brines are available at the pressure range considered, the experimental

data measured in this study are very valuable, in particular to develop and validate predictive models. In

the absence of other data, we compare the measured data with the predictions for methane hydrate phase

equilibria from prediction tool, PVTsim ® , that is based on the van der Waals and Platteeuw model (Van

der Waals and Platteeuw, 1959) for the hydrate phase and Peng-Robinson equationof state for the 
uid
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Figure 6.10: Hydrate phase equilibrium conditions for CH4 gas in CaBr2 solutions. CH4 hydrates for 0 wt%
( -black), 5 wt% ( -blue), 15 wt% ( -red), 32 wt% ( -green) and CH4/ C 2H6 hydrates for 0 wt% (a -black),
32 wt% (a -green). The inset �gure represents the deviation between experimental data and results predicted
by PVTSim r at 32 wt% CaBr2(for methane hydrate { PVTsim r : dotted-green, Multi
ash r (Version 6.1):
short dash-green, Multi
ashr (Version 6.0.09): short dash-gray; for methane/ethane hydrate { PVTsimr :
dash-dot-green, Multi
ah r (Version 6.1): long dash-green, Multi
ahr (Version 6.1): long dash-gray). Linear
lines are the best �t by polynomial regression.
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Table 6.10: Summary assessment of predictive tools, PVTsimr and Multi
ash r (Version 6.1), compared to
measured hydrate phase equilibrium data in the presence of CaBr2.

Concentration (wt%)
CH4 Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

32

278.26 31.9 1.25 0.50
282.87 63.1 2.11 1.25
286.26 92.6 2.38 1.38
288.87 121.5 2.78 1.58
290.93 149.4 3.10 1.80
292.37 170.8 3.41 1.98

AAD 2.51 1.41

15

284.85 13.9 0.14 0.19
291.05 32.9 0.49 0.75
297.05 65.8 0.18 0.61
300.85 99.9 0.36 0.89
304.65 142.0 0.32 0.98
306.35 163.0 0.20 0.93

AAD 0.28 0.73

5

287.15 13.6 0.54 0.73
294.85 38.1 0.88 1.27
298.65 61.0 1.02 1.51
303.65 100.9 0.80 1.44
306.85 136.6 0.80 1.59
309.75 174.9 0.74 1.69

AAD 0.80 1.37

Concentration (wt%)
CH4 /C 2H6 Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

32

282.54 37.5 1.54 1.58
286.43 65.6 1.04 1.76
289.37 90.3 0.15 1.72
292.15 121.0 1.24 1.97
294.54 149.1 2.34 2.47
296.93 181.8 3.70 3.28

AAD 1.67 2.13
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Figure 6.11: Hydrate phase equilibrium conditions for CH4 gas in mixed CaBr2 and MEG solutions. CH4

hydrates for 0 wt% ( -black), 20 wt% CaBr2+ 20 wt% MEG (  -blue) and CH4/ C 2H6 hydrates for 0
wt% (a -black), 20 wt% CaBr2+ 20 wt% MEG ( a -blue). The inset �gure represents the deviation between
experimental data and results predicted by PVTSimr at 20 wt% CaBr2+ 20 wt% MEG (for methane hydrate
{ PVTsim r : dotted, Multi
ash r (Version 6.1): short dash; for methane/ethane hydrate { PVTsimr : dash-
dot, Multi
ah r (Version 6.1): long dash). Linear lines are the best �t by polynomial regression.

Table 6.11: Summary assessment of predictive tools, PVTsimr and Multi
ash r (Version 6.1), compared to
measured hydrate phase equilibrium data in the presence of Mixed CaBr2 and MEG.

Concentration (wt%)
CH4 Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20 wt% CaBr2+ 20 wt% MEG

287.87 63.3 2.82 2.60
292.37 103.8 2.80 2.34
293.37 115.1 2.64 2.24
294.87 134.7 2.30 1.98
297.87 173.6 2.42 1.94

AAD 2.60 2.22

Concentration (wt%)
CH4 /C 2H6 Hydrate Phase Equilibria Absolute Deviation for Prediction (K)

T (K) P (Mpa) PVTsim r Multi
ash r

20 wt% CaBr2+ 20 wt% MEG

291.37 66.3 5.62 1.85
291.37 66.7 5.62 1.85
296.04 108.8 4.33 1.82
298.93 141.3 3.12 1.37
301.54 177.1 1.63 0.10

AAD 4.06 1.40
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properties combined with the Pitzer's activity coe�cient mode l to account for electrolytes. In order to better

assess the reliability and limitations of the predictive models, the absolute deviation (AD) in temperature

between experimental (Texp ) and predicted (Tpredict ) temperatures, at a given pressure, are also presented

in Table 6.13.

Although CSMGem are available to prediction hydrate phase equilibriain single salt systems as shown

in Section 2.3, none of the calculations for the mixed salt systems considered here converged in CSMGem,

possibly due to problems in determining the water activity for solutions with mixed salts and at high

concentrations. PVTsim® is available for the predictions of methane hydrate phase equilibriain mixed

salts, including NaCl, KCl and CaCl2, shown in Figure 6.12(a), but the results for the predictions with

PVTsim ® , show large deviations to the measured data, suggesting that the water activity model used

for salt mixtures is de�cient. This indicates that the water activi ty model used in PVTsim® are unable

to capture the e�ect of mixed salts on the hydrate inhibition strengt h. Moreover, the absolute deviation

between experimental data and predicted results from PVTsim® tabulated in Table 6.13 show that the

discrepancy becomes larger as the salt concentration and system pressure increase.

Figure 6.12(b) shows the experimental data of methane hydrate phase equilibria in mixed salt brines

containing NaCl, KCl, CaCl 2 and MgCl2. As expected, as the total salt concentrations increases, further is

the shift of the hydrate equilibrium boundary from that for fresh wate r (saltfree). For these brines, predictions

are not possible with PVTsim® , as it doesn't give the option to include MgCl2 as a salt in the calculations.

As complex salt compositions are obtained in produced water, natural water, and completion brines, the

salt mixtures selected for this study are model brines coveringa range of concentrations for common salts

encountered in the �eld. However, with no other data are available in the literature, these data are very

valuable for further model development and correlations to accuratelypredict hydrate phase equilibria with

mixed salt brines over a wide range of conditions, which could improve the e�ciency of hydrate prevention,

management and remediation, seawater desalination, and methane hydrate exploration.

Besides the measurements of methane hydrate phase equilibria in mixed salts systems, the investigation in

the e�ect of salts and pressure on the hydrate inhibition strength areof considerably interest in studying the

water activity with salts for the development of hydrate prediction m odels. The hydrate inhibition strength

can be assessed by the hydrate suppression temperature (4 T = T 0- T ), de�ned as the di�erence between

hydrate phase equilibrium temperature with fresh water (T 0) and the inhibited system (T ), is calculated

and included in Table 6.13 and shown in Figure 6.13. The hydrate phase equilibrium temperature with fresh

water (T 0) is determined by a polynomial regression of the methane hydrate data with fresh water:

log10 P = a +
b

T0
+

c
T2

0
+

d
T3

0
+

e
T4

0
(6.7)
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Table 6.12: Parameters used in polynomial regression in Equation 6.7

Parameters Values
a -4.646471Ö103

b 5.314653Ö106

c -2.271392Ö109

d 4.303065Ö1011

e -3.051174Ö1013

R2 0.99982

It is obvious in Table 6.13 that the salt species and concentration are closely related to the hydrate

suppression temperature, since the salt species and concentrationhave considerable in
uence on the water

activity. Comparing the hydrate suppression temperature for Brine 1 (1 molality NaCl + 1 molality KCl)

and Brine 2 (1 molality NaCl + 1 molality CaCl 2), it shows that the dissolved salts in Brine 2 have stronger

electrostatic forces with water molecules, consequently, suppressing the hydrate phase equilibrium condition

to lower temperature and higher pressure in Figure 6.12(a) and Figure 6.13,even though Brines 1 and 2

contains same amount of NaCl and the total molality of electrolytes in aqueous solutions is the same. Althou

both brines have the same quantity of MgCl2 in solution, NaCl and CaCl2 with same molality are added into

Brine 7 and 9, respectively, and as such, the hydrate suppression temperature for Brine 7 is smaller than

that for Brine 9, as shown in Figure 6.12(b) and Figure 6.13(b); this resultsfrom weaker hydrate inhibition

strength of Na+ compare with that of Ca2+ [83]. In addition, the hydrate phase equilibrium results of Brines

2, 3 and 4 (or Brines 5 and 6), prepared with same salt species, but at di�erent molality, indicate that the

hydrate dissociation conditions shift to lower temperature and higher pressure, resulting in a larger hydrate

suppression temperature as the total molality of salts increases on the basis of same salt types.

In addition to the salt species and concentration, the results in Table 6.13 and Figure 6.13 show that

the hydrate suppression temperature for any given brine solution slightly increases as the pressure increases,

indicating that the pressure also contributes to the hydrate suppression temperature, especially when con-

sidering a wide range in pressure. Many of the existing correlations[122, 123, 124, 50] are based on the

assumption that the hydrate suppression temperature is independent of pressure, and as such, they could

provide unreliable results as the pressure increases. Therefore, the results reported here indicate that the

pressure e�ect on hydrate inhibition is non-negligible and properly necessary for reliable estimation of the

hydrate phase boundary in saline systems, especially for pressureshigher than 20 MPa (2,900 psia).
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Table 6.13: Summary of measured data, hydrate suppression temperature anddeviations of predictions from
PVTsim ® for methane hydrate in the presence of mixed brines containing NaCl, KCl, CaCl2 and MgCl2.

Solution Hydrate Phase Equilibria Hydrate Suppression Deviation for

Id. Temperature (K) Pressure (MPa) Temperature (K) PVTsim ® (K)

Brine 1

290.45 36.0 5.67 1.16
292.85 48.3 5.71 1.10
296.95 76.1 5.70 0.99
300.75 111.6 5.75 0.98
302.95 138.6 5.96 1.13
305.55 174.9 6.18 1.24

Brine 2

287.37 35.0 8.53 2.11
290.93 54.8 8.73 2.14
294.54 83.2 8.97 2.29
300.26 143.9 9.08 2.32
302.54 177.7 9.39 2.53

Brine 3

286.59 40.3 10.45 2.95
290.04 63.8 10.97 3.31
292.65 83.6 10.91 3.19
297.87 139.1 11.07 3.30
300.54 179.1 11.49 3.63

Brine 4

282.65 32.6 12.68 3.73
287.76 62.6 13.07 3.87
289.87 80.3 13.29 4.04
295.43 138.8 13.50 4.21
298.15 179.6 13.91 4.56

Brine 5
291.95 48.4 6.63 -
299.15 104.8 6.69 -
303.15 151.4 6.80 -

Brine 6
285.75 72.6 16.45 -
290.35 119.3 16.88 -
293.55 162.4 17.25 -

Brine 7
273.15 38.9 23.61 -
280.45 95.9 24.48 -
285.95 169.2 25.35 -

Brine 8
279.05 94.3 25.71 -
282.85 138.5 26.05 -
284.85 169.4 26.47 -

Brine 9
266.75 119.7 40.51 -
268.95 151.6 41.01 -
269.95 168.3 41.29 -
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Figure 6.12: Measured experimental data for methane hydrate phase equilibria for brines containing NaCl,
KCl, CaCl 2, and MgCl2: a) Brine 1, f -brown; Brine 2, a -red; Brine 3, P -blue; Brine 4,  -green; b) Brine
5, c -orange; Brine 6, f -red; Brine 7, a -blue; Brine 8, P -green; Brine 9,  -gray. The dash lines are the
best �t by polynomial regression and are plotted as a guide only (details inEquation 6.8 and Table 6.14).
Solid lines are predicted boundaries with PVTsim® . The literature data of methane hydrate phase equilibria
with fresh water for the pressure range of 20 to 200 MPa from (experimentdata reported in Table 5.1) ( ),
(Marshall et al., 1964 [101]) (3 ), (Dyadin et al., 1997 [102]) (9 ) and (Nakano et al., 1999 [103]) (6 ) are
also plotted with predicted results from PVTsim ® (solid black line).
xxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxx
The equation of polynomial regression for methane hydrate phase equilibria in brine systems is shown below:

log10 (P) = B0 + B1T + B2T2 (6.8)

where P and T represent system pressure and temperature;B0, B1 and B2 are parameters listed in Ta-
ble 6.14.
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Figure 6.13: E�ect of pressure on hydrate suppression temperature for brines containing NaCl, KCl, CaCl2
and MgCl2 salts, for pressure ranges: a) from 5 to 15 MPa (Brine 1,f -brown; Brine 2, a -red; Brine 3,
P -blue; Brine 4,  -green; Brine 5, c -orange); b) from 15 to 45 MPa (Brine 6, f -red; Brine 7, a -blue;
Brine 8, P -green; Brine 9, -gray). Dash lines represent the linear regression relating pressure to the hydrate
suppression temperature (details in Equation 6.9 and Table 6.15).
xxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxx
The equation of linear regression relating pressure to the hydrate suppression temperature is shown below:

4 T = A1P + A0 (6.9)

where 4 T represents hydrate suppression temperature;A0and A1 are parameters listed in Table 6.15.
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Table 6.14: Parameters of polynomial regression for methane hydrate phase equilibria in brine

Solution Id. B 0 B1 B2

Brine 1 -54.61202 0.34863 -5.08854E-4
Brine 2 -71.54552 0.46662 -7.12525E-4
Brine 3 -76.76791 0.50529 -7.82547E-4
Brine 4 -72.18058 0.47768 -7.40501E-4
Brine 5 -61.19554 0.39478 -5.89113E-4
Brine 6 -63.49040 0.42259 -6.52050E-4
Brine 7 -63.79657 0.43590 -6.90488E-4
Brine 8 -10.58905 0.06154 -3.14278E-5
Brine 9 -37.50128 0.26540 -4.08344E-4

Table 6.15: Parameters of linear regression relating pressure to hydratesuppression temperature.

Solution Id. A0 A1

Brine 1 5.49388 0.00343
Brine 2 8.41674 0.00529
Brine 3 10.37491 0.00596
Brine 4 12.54487 0.00754
Brine 5 6.541150 0.00163
Brine 6 15.80739 0.00891
Brine 7 23.13384 0.01328
Brine 8 24.74231 0.00995
Brine 9 38.59219 0.01600
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CHAPTER 7

KINETIC STUDY OF HYDRATE FORMATION IN HIGH SALINITY SYSTEMS

A paper published in Journal of Chemical & Engineering Data

Hu, Yue, Taras Y. Makogon, Prasad Karanjkar, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum.

A paper published in Journal of Industrial and Engineering Chemistry

Hu, Yue, Kun-Hong Lee, Bo Ram Lee, and Amadeu K. Sum

It is important to study the phase behavior of hydrate formation in salin e systems at ultra-high pressure

to �ll the gap between the available hydrate phase equilibrium conditions and harsh conditions for ultra-deep

water development, while the kinetics study of hydrate formation in high salinity is imperative for better

understanding of the interplay between hydrate formation and salt precipitation. During the hydrate forma-

tion, salt excluded from hydrate, consequently inceasing salinityand limiting hydrate formation. Therefore,

the hydrate formation rate in NaCl and KCl systems, separately, with saturated and over-saturated concen-

tration is studied to investigate the competition between hydrate formation with hydregon-bonding force of

water molecules and salt solvation with electrostatic force between water molecules and electrolytes.

7.1 Hydrate Formation in Presence of NaCl Aqueous Solutions

Measurements of hydrate growth rate as shown in Figure 7.1 were performed to assess the e�ect of high

salt concentrations (26, 27 and 30 wt% NaCl) near or over the saturation concentration. The details of

experimental procedures are discussed in Section 3.2.4. To start with 26 wt% solution (slightly undersatu-

rated) had no solid salt, whereas the 30 wt% NaCl solution was saturated and the excess salt was present

as salt precipitate at room temperature (~295 K). In the case of the 27 wt% NaClsolution, the solution was

supersaturated, as all the salt added was fully dissolved at 353.15 K, and subsequently, cooled down to room

temperature while mixing the solution in the cell, and as such, someamount of salt likely precipitated |

NaCl saturation concentration is ~26.4 wt% at 293.15 K [113].

The solution with 26 wt% NaCl shows the fastest growth rate, which can beunderstood based on the

driving force. Based on the phase equilibrium measured in Figure 6.2,the sub-cooling for hydrate formation

in the 26 wt% NaCl system is approximately 6.0 K, which is 1.6 K higher than that of 27 and 30 wt% NaCl

system at 151.6 MPa. The initial gradient (~3 hours) of the pressure drop is~ 5.2 MPa/hour, which is

relatively steep, and then, gradually changes as the driving force eventually decreases to be the same for the
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27 and 30 wt% NaCl system { due to hydrate formation, the solution remains saturated at the saturation

concentration of ~26.4 wt% NaCl [113]. While both the 27 and 30 wt% NaCl system had salt content above

the saturation concentration, it is observed that the initial growth rat e for the 30 wt% NaCl (~0.2 MPa/hour)

was lower than the 27 wt% NaCl (~0.4 MPa/hour), but after about �ve hours, a signi�cant pressure drop

happened, resulting in approximately double the amount of hydrate formed compared to the 27 wt% NaCl

system, as shown in Table 7.1.

In order to calculate water conversion to hydrate and amount of salt precipitated during hydrate forma-

tion, the following assumptions are made: (i) methane gas is immiscible in water. the amount of gas dissolved

in water is relative small compared the total volume of gas phase in the cellas shown in Table 5.3; (ii) the

solubility of sodium chloride (NaCl) in water is independent of pressure [117]; (iii) The calculation does not

consider the degree of supersaturation during the experiments. The number of moles of gas consumed at a

give time t can be calculated through following equation:

(4 ngas) = Vtot

��
P

zRT

�

t =0
�

�
P

zRT

�

t

�
=

Vtot

vt =0
�

Vtot

vt
(7.1)

where (4 ngas)t is the number of moles of gas consumed to form the hydrate at timet. z and v represents

the compressibility factor and molar volume, respectively, at temperature, T, and pressure,P in the pressure

cell at given time t, which are calculated with an equation of state. V tot is the total volume of gas phase in

pressure cell and tubing, which is assumed to be 32.28 mL.R is the universal gas constant. The conversion

from water to hydrate, which is the percentage of amount of water consumedto form hydrate over total

amount of water in the system can be determined by:

conversionfromwatertohydrate (%) =
(4 ngas) � n

nwater
� 100 (7.2)

where hydration number (n) used in this study is assumed to be 6.nwater is the total number of moles of

water in the system. The amount of salt precipitated is calculated by following equation:

NaClPrecipitation = msalt �

�
nwater � (4 ngas)t � n

�
� Mw � csaturation

1 � csaturation
(7.3)

where M w represents the molecular weight of water, and the saturation concentration of NaCl in aqueous

solutions at 5.5 ºC (csaturation ) is assumed to be 0.263. In this study,msalt is the total amount of salt in the

system.

One of the very interesting results from the hydrate formation data is the in
ection points observed in the

pressure traces, which are marked at timet1 and t2 in Figure 7.1(a). These in
ection points are unusual and

suspected to be related to competing solid precipitation betweensalt and hydrate. Table 7.1 also shows more

detail on the estimated amount of NaCl precipitated at around t1 and t2. Further evidence for increased
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hydrate formation at these in
ection points is the cell temperature, shown in Figure 7.1(b), indicating a

slight spike in the temperature due to the exothermic nature for hydrate formation (4 H formation = -54.2

kJ/mol [90]). In particular, for the 30 wt% NaCl case, the pressure drop and temperature increase att1 in

Figure 7.1(b) are very apparent.

Table 7.1: Estimated percentage of salt precipitated at in
ection points in pressure trace during kinetic
experiments and �nal conversion of water to hydrates. (* t̀1 or t2 before' stands for the time before starting
the in
ection. **` t1 or t2 after' means the time after �nishing the in
ection.)

Total Salt Concentration 26 wt% NaCl 27 wt% NaCl 30 wt% NaCl

Initial
NaCl added 7.83 g 8.24 g 8.71 g

Water 22.30 g 22.28 g 22.31 g
NaCl precipitation 0.00 g (� 0.28 g) 1.46 g

First In
ection Point

t1 before* 2.3 hrs 8.3 hrs 5.5 hrs
Total precipitation at t1 before 0.02 g 0.36 g 1.46 g

t1 after** 3.2 hrs 8.5 hrs 5.6 hrs
Total precipitation at t1 after 0.14 g 0.36 g 1.52 g

Second In
ection Point

t2 before* - - 8.8 hrs
Total precipitation at t2 before - - 1.65 g

t2 after** - - 9.9 hrs
Total precipitation at t2 after - - 1.71 g

Final Conversion of Water to Hydrates 5.4 % 2.2 % 4.6 %

7.2 Hydrate Formation in Presence of KCl Aqueous Solutions

In order to check the existence of in
ection point in over-saturated salt solutions, the hydrate growth

rate was measured in KCl systems. The experimental procedure is similar to that for NaCl systems and

introduced in Section 3.2.4 . The experiments with over-saturated concentrations (26 and 30 wt% KCl) were

performed and similar results were obtained, as shown in Figure 7.2. The pressure trace in Figure 7.2(b)

shows two in
ection points, one at � 2.5 hours and another at� 15 hours. The phenomena observed is similar

to what was observed for hydrates forming from saturated NaCl solution. Because the solution is saturated

with KCl, any amount of hydrate formed causes a depletion of free-water. Therefore, it is important to

study the reasons resulting in the in
ection points observed both in NaCl and KCl systems and investigate

the interplay between hydrate formation and salt precipitation.

7.3 Growth Kinetics of Methane Hydrates at Extreme Conditions

From the measurements of methane hydrate phase equilibrium in the NaCl and KCl systems shown in

Figure 6.2 and Figure 6.4, it is demonstrated that the hydrate phase equilibrium boundary moves to lower

temperature and higher pressure as the salt concentration increases up to the limit of salt saturation in

solution. For systems with excess salt beyond the saturation concentration, the hydrate phase equilibrium
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Figure 7.1: Measurements of growth rates for methane hydrates in 26, 27 and 30 wt% NaCl system. (a)
Hydrate formation rates: (i) experiment started at the same temperature and pressure condition, (ii) cell
temperature decreased, and (iii) constant temperature of 278.75 K maintained. t1 and t2 are the times
when in
ection occurred. (b) Cell temperature pro�le at in
ecti on points. Temperature increase indicates
signi�cant amount of hydrates formed at that time.
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Figure 7.2: Measurement of methane hydrates growth in (a) 26 wt% and (b) 30 wt% KCl system, correspond-
ing to over saturation conditions at 278.75 K: (i) experiment started at conditions outside the hydrate stable
region at 313.15 K and 128 MPa, (ii) cell temperature decreased, and (iii) cell reached constant temperature
of 278.75 K.

88



will be unchanged from the conditions at saturation with four-phases (aqueous solution, hydrates, solid

salt, and vapor) in equilibrium, as shown by the data measured for systems with 27 and 30 wt% NaCl,

as well as 30 and 40 wt% KCl. At the conditions with four phases present, there is competition for solid

precipitation { salt or hydrate. The salt concentration in solution will always remain at the saturation

concentration, as such, any amount of hydrate formed causes a depletion of free-water and thus precipitation

of salt. On the other hand, hydrates can only form from unbound water not associated with the solvation

of the dissolved salt, as shown in Figure 7.3. This competition is quiteunusual and unique, as both involve

the nucleation/growth of a solid phase from solution. Figure 7.1 shows themeasurements for the hydrate

growth rate in the 26, 27 and 30 wt% NaCl systems. From the comparison of the formation rates after the

in
ection points (0.2 MPa/hour and 0.7 MPa/hour for 27 and 30 wt% NaCl, respectiv ely) and the amount

of hydrates formed in 27 and 30 wt% NaCl systems, the larger amount of salts precipitated in the system

tends to provide larger surface area, potentially increasing the growth rate and also the amount of hydrates.

Ting et al. [125] demonstrated that the induction time of salt crystalliz ation is short when the amount of

seed crystals is increased because of both the number of collisions andsurface area are increased.

In order to observe the hydrate formation process in these salt saturated systems, experiments with

27 wt% NaCl and 30 wt% KCl were conducted in an autoclave cell with windows at approximately 10

MPa with methane gas shown in Figure 7.4(a) and Figure 7.4(b), respectively. Visual observations of

the experiment con�rmed that as more hydrates formed, more salt precipitated, and furthermore, phase

separation of hydrate, NaCl solution, and NaCl precipitate was very clear in Figure 7.4(a) due to the

density di�erence of the phases ( for example, NaCl aqueous solution: 1.20g/cm3 [126], methane hydrate:

0.91 g/cm3 [90], and solid NaCl: 2.16 g/cm3). Hydrates 
oated up to the gas-liquid interface and salt

precipitation settled down at the bottom of the liquid phase. The results for KCl solutions are consistent

with systems containing NaCl. The accumulation of hydrates at the gas-liquid interface can signi�cantly

slow hydrate growth as it forms a barrier in the contact of gas and liquid.

Normally, hydrate formation depends on the formation conditions (e.g., sub-cooling temperature), im-

purities, gas composition, state/history of the water, mixing of the phases, and geometry of the system

[74]. The observed sudden pressure decrease, denoted as in
ection points in Figure 7.1 and Figure 7.2,

is suggested to correspond to the precipitation of salt crystals from supersaturated solution, consequently

causing a sharp change in the hydrate formation rate. Kind et al. [127] statesthat the supersaturation can

be a driving force for crystallization from solution. Once the saturated solutions are cooled, the system can

stay in a metastable state (even with mixing); consequently, the solution becomes supersaturated, poten-

tially self-inhibiting hydrate formation due to strong electrostat ic force between ions and water, causing the

hydrate formation rate to slow down during this period. In addition, supersaturation of the salt solution
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may be further attained by the localized heat generated from the exothermic heat for hydrate formation

(4 H formation = -54.2 kJ/mol, CH 4 [90]), which is relatively large compared to the heat of dissolution of solid

salts in solution (4 Hprecipitation = -3.88 kJ/mol, NaCl and 4 Hprecipitation = -17.22 kJ/mol, KCl [128]). The

supersaturated solution will eventually spontaneously crystallizeonce the supersaturation limit is reached,

and then, the hydrate formation rate may be accelerated from the increased solid content (larger surface

area) and the availability of water as the solution returns to the saturation concentration, thus resulting

in the in
ection point in the pressure trace. Even though for the 26 wt% NaCl system there was no salt

precipitate at the start of the experiment, the larger driving force induces faster hydrate formation, leading

to the accumulation of heat in the cell, and consequently, the supersaturation of the solution. This interplay

between salt and hydrates demonstrates the competition of solid precipitation in saturated salt solutions.

Another consideration in the competing processes between hydrate formation and salt precipitation is

the enthalpy change for the phase change. For example, the heat of hydrate formation is 4 H formation =

-54.2 kJ/mol gas = -9.0 kJ/mol H 2O and the heat of salt precipitation is 4 Hprecipitation = -3.88 kJ/mol

NaCl = -0.71 kJ/mol H 2O, assuming that the hydration number for methane hydrate and NaCl are 6 [90]

and 5.5 [88], respectively. Comparing the enthalpy change on a per mol of water basis, the hydrate phase is

much more stable than salt precipitation. Therefore, as long as there isa driving force for hydrate formation

(e.g., subcooling), hydrates will tend to form more favorably than thesalt precipitation, which will then only

happen when the solution is supersaturated, leading to the observedin
ection point in pressure trace.
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Figure 7.3: Illustration of the competition between hydrate formation and salt precipitation.
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NaCl solution 

CH4 hydrates 

NaCl precipitated 

* Before hydrate formation (NaCl solution + NaCl precipitated) 

(a) 

KCl Precipitated 

KCl Solution 

CH4 Hydrate 

*Before Hydrate formation (KCl solution + KCl precipitated) 

(b) 

Figure 7.4: Macroscopic observations of methane hydrate formation from (a) 27 wt% NaCl system perfomed
at 10 MPa and 260.15 K and (b) 30 wt% KCl system at 10 MPa and 263.15 K. Hydrates are located at the
upper position (lower density) and salt precipitated is at the bottom (higher density).
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CHAPTER 8

PREDICTION OF GAS HYDRATES SUPPRESSION TEMPERATURE OF INHIBITED SYS TEMS

A paper published in AIChE Journal

Hu, Yue, Bo Ram Lee, and Amadeu K. Sum

It is well known that inorganic salts, such as sodium chloride, calcium chloride, etc., are hydrate inhibitors.

Due to strong electrostatic forces, water tightly bounds to the dissolved salt ions (electrostatic forces) [81]

and becomes unavailable to hydrogen bond to other water molecules and formthe hydrate. As such, salts

suppress the hydrate formation temperature at a given pressure. Thedegree of the suppression temperature

closely depends on the salt type and its concentration in solution. Therefore, it is considerably important

and necessary to estimate hydrate suppression temperature accurately, especially for hydrate management

in oil and gas production, transport and processing, as the unreliable prediction of hydrate dissociation

condition could lead to serious safety consequences of hydrate plug andover/under use of hydrate inhibitors

(e.g., methanol or glycol) increasing the operational cost as well as the possibility of salt precipitation

and corrosion. Accurate estimate of the hydrate suppression temperature with salts is also critical in the

use of hydrates in the desalination of water, an area increasingly important in the energy application of

hydrates. However, as discussed in Section 2.3, the existent prediction tools, such as CSMGem, PVTsimr ,

and Multi
ash r , fail to provide reliable and accurate hydrate phase equilibria in addtion of salts and organic

inhibitors. Therefore, it is important to review the available met hods for estimating hydrate suppression

temperature from uninhibited (fresh water) system and develop a universal method which could be 
exibly

applied to systems containing hydrate inhibitors.

8.1 Review of Correlation of to Estimate Hydrate Suppression Temperatur e in Brine Systems

While the prediction of hydrate dissociation conditions with fresh water has been well developed, the

estimation of the hydrate suppression temperature with thermodynamic inhibitors is limited. There are two

main methods to study the hydrate dissociation conditions in inhibited systems. One of the methods is based

on the van der Waals-Platteeuw model [20] for gas hydrate equilibrium (equality of chemical potential of water

in aqueous and hydrate phase), and simultaneously, di�erent models are employed to calculate the water

activity in electrolyte solutions which contribute to the chemic al potential of water in the aqueous solution

[129, 130, 131, 132, 133, 134]. This method assumes that the chemical potential of water canbe accurately

calculated in both liquid and hydrate phases. The major de�ciency of this method for inhibited systems is
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the inaccuracy of activity models used to account for the salts and organicinhibitor over a wide range of

conditions (type, concentration, temperature, and pressure). Theother method for estimating the hydrate

suppression temperature for inhibited systems is more empiricalbut simpler. Due to the empirical nature

of correlations, the estimated suppression temperature is often less reliable and is not readily transferable

for conditions beyond those considered in the development of the correlation. As a background to the

development of the new correlation proposed herein, we brie
y discuss the existent correlation in the literature

for the hydrate suppression temperature.

The Hammerschmidt equation [122] was the very �rst correlation proposed toapproximate the hydrate

suppression temperature. It is based on the freezing point depression principle stating that the depression

in freezing point is directly proportional to the weight of a dissolved substance in a given amount of solvent

[124].

� T =
kH W

M (100� W )
(8.1)

where DT is the temperature depression in°C, M and W are the molar mass of the inhibitor in g/mol and

the concentration of the inhibitor in weight percentage in aqueous phase, and kH is a constant with a value

of 1297. However, it is limited to concentrations up to about 30 wt% of methanoland ethylene glycol and

only to about 20 wt% for other glycols [135]. Over years, modi�cations to the Hammerschmidt equation have

been proposed to improve its predictability by introducing parameters dependent on the inhibitor type [135].

While Hammerschmidt suggested a modi�cation to the molecular weight ofthe inhibitor when considering

associating compounds (e.g., salts), there is nothing in the correlation to account for the gas composition

[90, 135].

As the produced water from oil/gas reservoirs tend to contain brines, determining the e�ect of salts on

hydrate inhibition is equally important. McCain [123] developed a correlation for estimating the e�ect of

brine on the hydrate suppression temperature, which is related togas speci�c gravity and salt concentration.

� T = A S + B S2 + C S3 (8.2)

where DT is the temperature depression in°F, S is the salinity in weight percentage, and the coe�cients

A, B and C are functions of the gas gravity, g, that are de�ned by:

A = 2 :20919� 10:5746
 + 12:1601
 2

B = � 0:106056 + 0:722692
 � 0:85093
 2 (8.3)

C = 0 :00347221� 0:0165564
 + 0 :049764
 2
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Although McCain pointed out that the predictions agree with existing dat a from Deaton et al. [136], it

is limited for gas speci�c gravities smaller than 0.65 and salinity lower than 20 wt% [123]. Moreover,

this correlation implicitly assumed that the hydrate suppression temperature is independent of salt species,

which can be inappropriate for the systems with high salinity, in particular to aqueous solutions containing

divalent ions, such as Ca2+ or Mg2+ of which electrostatic forces with water molecules are stronger than

most monovalent ions [83, 84].

Gas hydrate formation in deepwater o�shore drilling is a well recognized operational hazard. At water

depth exceeding 300 m, the seabed ambient pressure and temperaturebecomes conducive for hydrate for-

mation, imposing serious well control di�culties [50]. Yousif and Young [50] developed a simple correlation

to predict hydrate suppression temperature for systems with salts and glycerol that are the main hydrate

inhibitors in water-based drilling muds.

� T = 112:3x + 2011:6x2 � 6505:0x3 (8.4)

where DT is the temperature depression in°F and x represents total mole fraction of the hydrate inhibitors

in the solutions. Based on the method used by Hammerschmidt to correct the molecular weight of a single

salt dissolved in water, the equation is modi�ed as following equationto �t this correlation:

Ma im =
Mw i

� m (n � 1) + 1
(8.5)

where Ma im is the apparent molecular weight of salti in an aqueous solution that contains other salts and

glycerol. The � m are de�ned as the degree of ionization for the mixture with following equation:

1
� m

=
X

i

1
� i

+ 1 (8.6)

where� i is the degree of ionization of salti (such as NaCl, KCl, NaBr and CaCl2) which is given by following

equations:

� NaCl = � 3:635028� 10� 5W 3 + 1 :813359� 10� 3W 2 � 0:044152W + 0 :974734

� KCl = � 1:574001� 10� 4W 3 + 3 :987148� 10� 3W 2 � 0:057379W + 1 :011077

� NaBr = � 2:573254� 10� 5W 3 + 1 :345127� 10� 3W 2 � 0:034563W + 0 :993063 (8.7)

� CaCl 2 = � 1:692509� 10� 7W 3 + 6 :211715� 10� 4W 2 � 0:029771W + 0 :957757

This correlation estimates the hydrate suppression temperature assuming that the gas composition has

negligible e�ect, which is similar to the ice depression temperature. The correlation is developed based

on experimental data of drilling 
uids containing NaCl, KCl, NaBr, CaCl 2 and glycerol. If other salts are

included in the system, experimental data are needed to calculatethe degree of ionization of speci�c salts,
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which is costly and time consuming.

In order to overcome the de�ciencies in the Yousif and Young correlation [50], Mohammadi and Tohidi

[124] developed a predictive technique for estimating the hydrate inhibition e�ects of single and mixed

thermodynamic inhibitors, given by

� T = � a

"

ln (1 � xsolute ) + bx2
solute +

X

i

�
c1;i Wi + c2;i W 2

i + c3;i W 3
i

�
#

(8.8)

where a, b, c1, c2 and c3 are constants, xsolute and W i are mole fraction of organic inhibitor and weight

percentage of salti in the aqueous solutions, respectively. This correlation is a combination of the Yousif

and Young [50], Nielsen and Bucklin [137] and Carroll correlations [21], which shows acceptable agreement

with experimental data, in particular at high concentrations of salts and organic inhibitors. However, this

correlation does not take in consideration the e�ect of pressure on the hydrate suppression temperature,

which could lead to large deviation between experimental data and predicted results at higher pressure.

In yet another attempt to correlate the hydrate suppression temperature, �stergaard et al. [138] noted

discrepancies between the experimental data and the prediction from the Yousif and Young correlation, and

proposed a modi�ed correlation considering the pressure dependence [139, 138],

� T =
�
c1W + c2W 2 + c3W 3�

(c4 ln P + c5) [c6 (P0 � 1000) + 1] (8.9)

wherec1, c2, c3, c4, c5 and c6 are parameters related to hydrate inhibitors, P and P0 are the hydrate disso-

ciation pressures in kPa with aqueous solution and fresh water, respectively. This was the �rst correlation

that accounted for the e�ect of pressure on the hydrate suppression temperature with the additional expense

of introducing a total of six adjustable parameters per inhibitor system. As such, the use of this correlation

is relatively di�cult and limited to inhibitor systems for which parameters available, although it is the most

reliable among the existing correlations.

In addition, Najibi et al. [140] developed a systematic method to predict hydrate suppression temperature

of 
uids along the the pipeline and downstream conditions from information of freezing point depression of

aqueous solutions containing di�erent concentration of inhibitors:

� T = 0 :68254 TF (8.10)

whereDT and DT F are the hydrate temperature suppression and freezing point of depression of the aqueous

solution, respectively. This method does not need the analytical composition of the aqueous solution [140],

however, the measurement or calculation of the freezing point for theaqueous solution is necessary for use

of the correlation.

To compare the performance of these existing correlations, measured experimental data reported in

Section 6.1.1 for structure I and II hydrates for CaCl2 solutions are shown in Figure 8.1. As it is clearly

96



seen, the Yousif and Young correlation [50] does not capture the di�erence between hydrates structure,

which depends on the gas composition, as well as the pressure. Moreover, it considerably underestimates

the suppression temperature. Although the McCain correlation [123] estimates the hydrate suppression

temperature based on the gas composition as indicated in Figure 8.1, the predicted results are inconsistent

with experimental data for the CaCl2 system. In addition, even though the correlation by �stergaard et al.

[138] performs much better than the Yousif and Young correlation and McCaincorrelation, the deviation

between the predicted suppression temperature and experimental data can be relatively large.

As it is clearly evident from Figure 8.1, the existing correlations for hydrate suppression temperature

are inaccurate and have a number of limitations in their applicability. As such, we proposed herein a new

correlation that not only signi�cantly improves the prediction of hydr ate suppression temperature but is

also solidly based on the fundamental principles of thermodynamics.The proposed correlation takes into

account the e�ect of pressure, hydrate structure, types and concentration of hydrate inhibitors to give

accuracy estimation of hydrate inhibition e�ect for di�erent salts.
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Figure 8.1: Experimental data for methane (P ) and methane-ethane ( ) hydrate suppression temperature
from Section 6.1.1 and predicted results from the McCain [123] (solid-red: methane; dash-red: methane-
ethane), Yousif and Young [50] (solid-blue) and �stergaard et al. [138] (solid-black: methane; dash-black:
methane-ethane) correlations for systems with (a) 20 wt% CaCl2 and (b) 32 wt% CaCl2.
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8.2 Derivation of the Hu-Lee-Sum Correlation

The goal of developing a new correlation for the hydrate suppression temperature is to capture the proper

physics and thermodynamic consideration for the e�ect of salts in thehydrate phase equilibria. The Hu-

Lee-Sum correlation is based on the fundamental principle of freezingpoint depression, which for hydrate

is equivalent to the suppression temperature from the uninhibited (salt-free) system. At the equilibrium

hydrate dissociation, the equality of fugacity of water (w) in the solid (hydrate) phase and the liquid phase

has to be equal [141], that is,

f s
w (T; P) = f L

w (T; P) = xw 
 w (T; P; x) f L 0
w (T; P) (8.11)

wherexw and 
 w are the mole fraction and activity coe�cient, respectively, of water , f represents the fugacity

for solid (S), liquid ( L) and pure water (L 0). The assumptions for expressing the equality of fugacity in

Euqation 8.11 are: i) the system pressure is constant; ii) the hydrateis a pure phase, that is, the inhibitor

(salt) is not part of the hydrate structure; iii) the composition of the hydrocarbon-rich vapor or liquid phase

is constant; and iv) the composition of the hydrate is constant [141].

Since the solid is a pure phase, we can relate the ratio of the pure phases fugacity to the Gibbs energy of

fusion,

4 fus G (T; P)
RT

= ln
f L 0

w (T; P)
f s

w (T; P)
(8.12)

which can then be expressed in terms of the enthalpy and entropy of fusion (4 G = 4 H � T4 S), given by,

4 fus H (T; P) = 4 fus H (T0) +

T�

T0

4 CpdT (8.13)

4 fus S (T; P) = 4 fus S (T0) +

T�

T0

4 Cp

T
dT (8.14)

where 4 Cp is the heat capacity di�erence of pure water and solid crystal andT0 represents the normal

freezing temperature. Equations 8.13 and 8.14 relate the enthalpy and entropy change of fusion at tempera-

ture T to those changes at the freezing pointT0 at the same pressure. When the temperatureT equals the

freezing temperatureT0, 4 fus G (T0) equals to zero, allowing to rewrite Equation 8.14 as:

4 fus S (T; P) =
4 fus H (T0)

T0
+

T�

T0

4 Cp

T
dT (8.15)

Substituting the expression of the enthalpy and entropy of fusion into Equation 8.12 gives

ln
f L 0

w (T; P)
f s

w (T; P)
=

1
RT

2

44 fus H (T0)
�

1 �
T
T0

�
+

T�

T0

4 CpdT � T

T�

T0

4 Cp

T
dT

3

5 (8.16)
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The heat capacity terms are usually relatively small contributions and if they are neglected, we can combine

Equation 8.11 and 8.16 to obtain

ln
f L 0

w (T; P)
f s

w (T; P)
= ln ( xw 
 w ) = ln ( aw ) = �

1
RT

�
4 fus H (T0)

�
1 �

T
T0

��
(8.17)

where aw represents the water activity.

For gas hydrates, where gas and water combine to form the solid crystal, Gas +nH2O � Gas.nH2O,

where n is the hydration number, the enthalpy of fusion 4 fus H (T) can be replaced by hydrate dissociation

enthalpy (4 Hdiss = Hgas+ nH H 2 O � Hgas�nH 2 O ). the enthalpy of fusion 4 fus H (T) can be replaced by hydrate

dissociation enthalpy (4 Hdiss = Hgas + nH H 2 O � Hgas�nH 2 O ).

4 T
T0T

= �
nR

4 Hdiss
ln aw (8.18)

whereT0 and T are the hydrate dissociation temperature with fresh water and aqueoussolution, respectively,

at the same pressure, as illustrated in Figure 8.2. The hydrate dissociation temperature with fresh water is

assumed to be known and readily available.

Figure 8.2: Illustrative plot for the hydrate suppression temperature (DT ) for brine solutions from fresh
water equilibrium dissociation temperature.

The right side of Equation 8.18 has two contributions: nR/ DH diss and ln aw . The �rst term takes into

account the heat of hydrate formation/dissociation, which depends on thehydrate forming system, that
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is, gas composition. In Chapter 5, it pointed that the hydrate dissociation enthalpy (DH diss ) can increase

along the phase boundary for pressures higher than 50 MPa, and the hydrationnumber (n) accordingly

decreases with increasing pressure to approach the full occupancylimit ( n = 5.75 for structure I). However,

the combined changes ofDH diss and n, which are a function of pressure, are relatively small compared

with the absolute value of the quantity, and as such, it is reasonable to assume that the term nR/ DH diss

remains constant for any given hydrate forming system. In addition, if we assume that the activity of

water is independent of pressure, each term on the right side of the equation is independent of pressure,

which indicates that DT / T 0T as a whole is also independent of pressure, though the hydrate suppression

temperature (DT ), hydrate dissociation temperature with fresh water (T0) and salt solution (T ), all depend

on the system pressure. Since hydrates are formed from water and gas molecules, the hydration number (n)

and hydrate dissociation enthalpy (DH diss ) depends on the gas composition, regardless of salts added to the

solution, while the activity coe�cient depends on the system temperature, salt species and concentration.

8.3 Hu-Lee-Sum Correlation for Structure I (sI) Hydrate Suppression T emperature of Single
Salts Systems

In order to simplify the correlation, we �rst only consider methane hydrate (sI), and as such, the hydration

number and hydrate dissociation enthalpy are constant so that the valueof DT / T0T is only a function of

system temperature (T ) and salt species and concentration (x i ), given by

4 T
T0T

= � � ln aw (x i ; T) (8.19)

where � is a constant which only depends on the hydrate former and type. Based onthis equation, the value

of DT / T0T can be calculated by knowing the water activity.

8.3.1 Summary of Measured Data Used for Development and Validation of Hu-Lee -Sum
Correlation

The collection of literature data and experimental results is obtained in Table 8.1 to Table 8.4. These

data span a range of conditions in terms of temperature and pressure, and awide range of salt concentration,

which for NaCl and KCl approach the saturation concentration.

8.3.2 Temperature Dependence

To better assess and address the e�ect of temperature on the values ofDT / T0T, all literature data

in Table 8.1 for methane hydrate at all salt concentrations for NaCl, CaCl2, KCl and MgCl 2 solutions,

separately, are plotted in Figure 8.3 in the form of DT / T0T versus hydrate dissociation temperatureT.

As clearly seen in the plots, the quantity DT / T0T is nearly independent of temperatureT. Therefore,

it is reasonable to assume that the value ofDT / T0T, or equivalent the water activity (Equation 8.19) is
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Table 8.1: Collection of measured data of methane hydrate phase equilibria with single chloride salt solutions
for the development of Hu-Lee-Sum correlation.

Salt Referencesa Concentration
(wt%)

Temperature
Range (K)

Pressure
Range (K)

NaCl

1. Exp. Data (Chapter 6) 12, 23, 26 275 - 315 20 - 200
2. Exp. Data (Chapter 4) 5.44, 10.84 281 -275 4 -12
3. Kharrat et al., 2003 [24] 11.9 272 - 278 4 - 8
4. Maekawa et al., 1995 [27] 3.5, 10, 20 263 - 283 3 - 8
5. De Roo et al., 1983 [142] 11.7, 17.1,

21.5, 24.1
268 -278 2 - 8

CaCl2

1. Exp. Data (Chapter6) 20, 23.8, 32 260 - 300 20 - 200
2. Exp. Data (Chapter 4) 3.51, 7.14 276 - 285 4 - 11
3. Kharrat et al., 2003 [24] 5, 10.1, 14.5 278 - 285 5 - 11

4. Atik et al., 2006 [31] 17.05 264 - 282 3 - 23
5. Mohammadi et al., 2008 [28] 5, 15 267 - 282 3 - 9

KCl

1. Exp. Data (Chapter6) 20, 23 282 - 300 18 -180
2. Exp. Data (Chapter 4) 6.83, 13.41 275 -285 4 - 12

3. Mohammadi et al., 2008 [28] 5, 10 270 - 283 2.7 -10
4. Haghighi et al., 2009 [23] 15 276 - 285 6 - 18

MgCl2
1. Exp. Data (Chapter6) 20, 25 265 - 290 40 - 175
2. Atik et al., 2006 [31] 5, 10, 15 268 - 288 3 - 20
3. Kang et al., 1998 [32] 6, 10 270 - 285 2 - 14

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: salt-#-conc-gas. For

example: NaCl-1-23-C1 corresponds to the methane hydrate with 23 wt% NaCl data in Chapter 6.

Table 8.2: Collection of measured data for methane hydrate phase equilibria with single salt solutions for
validation of Hu-Lee-Sum correlation

Salt Referencea Concentration
(wt%)

Temperature
Range (K)

Pressure
Range
(MPa)

NH4Cl 1. Exp. Data (Chapter 4) 5,10 274 - 284 3 - 12

NaBr
1. Mohammadi et al., 2009 [33] 5, 10 272 - 285 2 - 12
2. Maekawa et al., 2000 [143] 10, 20 269 - 285 3 - 11

KBr 1. Mohammadi et al., 2009 [33] 5, 10 272 - 286 2 -11

CaBr2
1. Exp. Data (Chapter6) 5, 15, 32 278 -310 13 - 200

2. Mohammadi et al., 2009 [33] 5, 15 273 - 285 3 - 11
xxxxxxxxxxxxxxxxxxxxxxx

a A particular reference will be cited abbreviated as: salt-#-conc-gas. For example: CaBr2-1-32-C1
corresponds to the methane hydrate with 32 wt% CaBr2 data from 6
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Table 8.3: Collection of measured data for carbon dioxide hydrate phase equilibria with single salt solutions.

Salt Referencea Concentration
(wt%)

Temperature
Range (K)

Pressure
Range
(MPa)

NaCl
1. Mohammadi et al., 2008 [28] 5 271 - 281 1 - 4

2. Tohidi et al., 1997 [47] 10, 20 263 - 276 1 - 4
3. Dholabhai et al., 1993 [144] 3, 5, 10, 15,

20
263 - 281 1 - 4

KCl
1. Mohammadi et al., 2008 [28] 10 273 - 278 2 - 4

2. Tohidi et al., 1997 [47] 10 273 - 279 1 - 4
3. Dholabhai et al., 1993 [144] 3, 5, 10, 15 269 - 282 1 - 4

CaCl2
1. Mohammadi et al., 2008 [28] 15 270 - 275 2 - 4
2. Dholabhai et al., 1993 [144] 3, 5, 10, 15,

20
259 - 281 1 - 4

MgCl2 1. Kang et al., 1998 [32] 3, 5, 10 272 - 282 15 - 40
xxxxxxxxxxxxxxxxxxxxxxxxxxxxx

aA particular reference will be cited abbreviated as: salt-#-conc-gas. For example: NaCl-1-5-CO2

corresponds to the carbon dioxide hydrate with 5 wt% NaCl data from Mohammadi et al., 2008

Table 8.4: Collection of measured data for ethane hydrate phase equilibria with single salt solutions.

Salt Referencea Concentration
(wt%)

Temperature
Range (K)

Pressure
Range
(MPa)

NaCl

1. Mohammadi et al., 2008 [28] 5 272 - 285 0.5 - 3
2. Atik et al., 2006 [31] 3.1, 10, 20 268 - 287 0.7 - 3

3. Tohidi et al., 1997 [47] 10, 15 272 - 280 0.8 - 3
4. Dholabhai et al., 1993 [144] 20 266 - 272 0.6 - 2

5. Englezos et al., 1991 [41] 20 265 - 272 0.7 - 2

KCl
1. Mohammadi et al., 2008 [28] 10 270 - 282 0.5 - 3

2. Englezos et al., 1991 [41] 12.3 269 - 279 0.5 - 2

CaCl2
1. Mohammadi et al., 2008 [28] 5, 15 270 - 284 0.4 - 3

2. Englezos et al., 1991 [41] 15 267 - 275 0.5 - 2
MgCl2 1. Atik et al., 2006 [31] 10, 20 269 - 285 0.6 - 3

xxxxxxxxxxxxxxxxxxxx
a A particular reference will be cited abbreviated as: salt-#-conc-gas. For example: NaCl-1-5-C2

corresponds to the ethane hydrate with 5 wt% NaCl data from Mohammadi et al., 2008
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independent of temperature, which is one of the key �ndings and assumptions in the Hu-Lee-Sum correlation.

The average value ofDT / T0T for each system is summarized in Table 8.5 to Table 8.8. A consequence of

the temperature independence of the water activity is a simple andreliable way to test the thermodynamic

consistency and reliability of measured hydrate phase equilibria data with salts. If the alignment of the

DT / T0T data shows to be temperature dependent or deviates from a horizontal line, one should question

the data. We note that some data reported in the literature in Chapter 2 show a strong temperature

dependence forDT / T0T, suggesting the data are unreliable, and as such, these have not been included in

Figure 8.3 (see details in Figure 8.4). It is obvious that the results ofDT / T0T based on literature data

from Kobayashi et al. [26] for 20 and 10 wt% NaCl, Kharrat et al. [24] for 25.8, 23 and 19.8 wt%CaCl2,

Kang et al. [32] for 15 wt% MgCl2 and Haghighi et al. [23] for 10 wt% MgCl2 are inconsistent, that is,

the data plotted as DT / T0T vs. temperature show large temperature dependence. Moreover, the values of

DT / T0T based on the literature data from Kobayashi et al. for 20 and 10 wt% NaCl in Figure 8.4(a) show

large discrepancies when compared to the results from Maekawa et al..Similarly, Figure 8.4(c) indicates the

results from Kang et al. for 15 wt% MgCl2 and Haghighi et al. for 10 wt% MgCl2 are inconsistent with

that from Atik et al. [31]. Therefore, these data are excluded in thisstudy due to the potential inaccuracy

of measurements.

Table 8.5: Average value ofDT / T0T for methane hydrate in aqueous solutions containing NaCl.

Reference (salt-#-conc-gas) AverageDT / T0T (K � 1)
NaCl-1-12-C1 7.5962Ö10� 5

NaCl-1-23-C1 2.0706Ö10� 4

NaCl-1-26-C1 2.6092Ö10� 4

NaCl-2-5.44-C1 2.8695Ö10� 5

NaCl-2-10.84-C1 6.3291Ö10� 5

NaCl-3-11.9-C1 8.1856Ö10� 5

NaCl-4-3.5-C1 1.8118Ö10� 5

NaCl-4-10-C1 6.6800Ö10� 5

NaCl-4-20-C1 1.6757Ö10� 4

NaCl-5-11.7-C1 7.5704Ö10� 5

NaCl-5-17.1-C1 1.2404Ö10� 4

NaCl-5-21.5-C1 1.7715Ö10� 4

NaCl-5-24.1-C1 2.2093Ö10� 4

8.3.3 Salt Species and Concentration Dependence

The water activity in Equation 8.19 is strongly dependent on the salt species and concentration, and it is

the key quantity for determining the hydrate suppression temperature. Therefore, the goal was to develop a

simple and consistent correlation describing the relationship between water activity and salt concentration
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Figure 8.3: Relationship betweenDT / T0T and temperature T for methane hydrate (a) in NaCl systems
for data from NaCl-1-26-C1 (a -green), NaCl-1-23-C1 (a -blue), NaCl-1-12-C1 (a -red), NaCl-2-10.84-C1
(1 -orange), NaCl-2-5.44-C1 (1 -pink), NaCl-3-11.9-C1 (2 -red), NaCl-4-20-C1 (6 -green), NaCl-4-10-C1
(6 -crayon), NaCl-4-3.5-C1 (6 -brown), NaCl-5-24.1-C1 (O -yellow), NaCl-5-21.5-C1 (O -violet), NaCl-5-
17.1-C1 (O -blue) and NaCl-5-11.7-C1 (O -black); (b) in CaCl 2 systems for data from CaCl2-1-32-C1 ( -
green), CaCl2-1-23.8-C1 ( -blue), CaCl2-1-20-C1 ( -red), CaCl2-2-7.14-C1 ( -orange), CaCl2-2-3.51-C1
( -pink), CaCl 2-3-14.5-C1 (2 -black), CaCl2-3-10.1-C1 (2 -brown), CaCl2-3-5-C1 (2 -violet), CaCl 2-4-17.05-
C1 (+-blue), CaCl 2-5-15-C1 (1 -red), and CaCl2-5-5-C1 (1 -violet); (c) in KCl systems for data from KCl-
1-23-C1 (P -green), KCl-1-20-C1 (P -red), KCl-2-13.41-C1 (2 -orange), KCl-2-6.83-C1 (2 -pink), KCl-3-10-C1
(1 -red), KCl-3-5-C1 (1 -black) and KCl-4-15-C1 (3 -blue); (d) in MgCl 2 systems for data from MgCl2-1-
25 (f -green), MgCl2-1-20-C1 (f -blue), MgCl2-2-15-C1 (+-green), MgCl2-2-10-C1 (+-blue), MgCl2-2-5-C1
(+-black), MgCl 2-3-10-C1 (# -blue), and MgCl2-3-6-C1 (# -red). The dashed lines correspond to the best �t
constant value.
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Table 8.6: Average value ofDT / T0T for methane hydrate in aqueous solutions containing CaCl2.

Reference (salt-#-conc-gas) AverageDT / T0T (K � 1)
CaCl2-1-20-C1 1.7707Ö10� 4

CaCl2-1-23.8-C1 2.3538Ö10� 4

CaCl2-1-32-C1 5.7416Ö10� 4

CaCl2-2-3.51-C1 1.0554Ö10� 5

CaCl2-2-7.14-C1 3.2704Ö10� 5

CaCl2-3-5-C1 2.5924Ö10� 5

CaCl2-3-10.1-C1 5.5668Ö10� 5

CaCl2-3-14.5-C1 8.5024Ö10� 5

CaCl2-4-17.05-C1 1.2862Ö10� 4

CaCl2-5-5-C1 2.8568Ö10� 5

CaCl2-5-15-C1 1.0754Ö10� 4

Table 8.7: Average value ofDT / T0T for methane hydrate in aqueous solutions containing KCl.

Reference (salt-#-conc-gas) AverageDT / T0T (K � 1)
KCl-1-20-C1 1.0941Ö10� 4

KCl-1-23-C1 1.3140Ö10� 4

KCl-2-6.83-C1 2.6493Ö10� 5

KCl-2-13.41-C1 6.1155Ö10� 5

KCl-3-5-C1 2.8784Ö10� 5

KCl-3-10-C1 5.2616Ö10� 5

KCl-4-15-C1 7.5247Ö10� 5

Table 8.8: Average value ofDT / T0T for methane hydrate in aqueous solutions containing MgCl2.

Reference (salt-#-conc-gas) AverageDT / T0T (K � 1)
MgCl2-1-20-C1 2.3403Ö10� 4

MgCl2-1-25-C1 4.1035Ö10� 4

MgCl2-2-5-C1 3.3305Ö10� 5

MgCl2-2-10-C1 7.6878Ö10� 5

MgCl2-2-15-C1 1.4716Ö10� 4

MgCl2-3-6-C1 3.9915Ö10� 5

MgCl2-3-10-C1 7.7309Ö10� 5
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Figure 8.4: Relationship betweenDT / T0T and temperature T for methane hydrate (a) in NaCl systems
based on literature data from Kobayashi et al. [26] for 20 wt% (3 -green) and 10 wt% (3 -orange), Maekawa
et al. [27] for 20wt% (6 -green) and 10wt% (6 -orange); (b) in CaCl2 systems based on literature data from
Kharrat et al. [24] for 25.8 wt% (2 -brown), 23 wt% (2 -green) and 19.8 wt% (2 -blue); (c) in MgCl 2 systems
based on literature data from Kang et al. [32] for 15 wt% (# -green) and 10 wt% (# -blue), Haghighi et al.
[23] for 10 wt% (# -blue), Atik et al. [31] for 15 wt% (+-green) and 10 wt% (+-blue).
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for di�erent chloride salts. There are a number of di�erent ways used to express the salt concentration in

solutions, such as weight fraction, mole fraction, molality, and ionic strength. Each of these concentration

variables were tested to correlate the water activity, however, none resulted in a form that combined the

data for monovalent and divalent salts together. One of the best, if not the best, activity coe�cient model

for electrolyte systems is the eNRTL [145], which uses the e�ectivemole fraction, X =
X

i = ions

jzi j x i , as a

concentration variable, wherex i and zi are the mole fraction and charge of the ions of the salt, respectively.

Using the e�ective mole fraction, we can plot the water activity for all t he salts and concentrations to obtain

Figure 8.5. Each point in Figure 8.5 represents the average value ofDT / T0T (see Figure 8.3 and Table 8.5

to Table 8.8) for all the data available in the open literature for chloride salts (NaCl, KCl, CaCl 2, MgCl2

{ Table 8.1). We note that these data cover a wide range of salt concentrations, including near saturation

for NaCl and KCl. As can be seen, all the data converge to a curve, which can be easily �t to a polynomial

form relating the water activity to the e�ective mole fraction, given by

4 T
T0T

= � � ln aw = C1X + C2X 2 + C3X 3 (8.20)

where the coe�cients C1, C2, and C3 are given in Table 8.9. This equation is the Hu-Lee-Sum correlation

for the hydrate suppression temperature.

Table 8.9: Parameters for the Hu-Lee-Sum correlation relating the water activity to the e�ective mole fraction
in Equation 8.20.

Parameters C1 C2 C3

Value 9.681� 10� 4 -2.971� 10� 3 3.395� 10� 2

8.3.4 Predicted Results for Methane Hydrate Phase Equilibira in Si ngle Salts Systems

With the development of the Hu-Lee-Sum correlation, it is simple and convenient to calculate the hydrate

suppression temperature at a given condition in terms of pressure, salt species and salt concentration. For the

purposes of this study, the hydrate dissociation temperature (T0) is obtained from a polynomial regression

of the methane hydrate data with fresh water in Figure 8.6. The equation ofthe polynomial regression is

given

log10 P = a +
b

T0
+

c
T2

0
+

d
T3

0
+

e
T4

0
(8.21)

The parameters of the �tted equation are given in Table 8.10. however, it is possible to use any other

source (data or prediction) to reliably give T0 at any given pressure. The e�ective mole fraction can be

easily calculated for a given salt type and concentration, from which Equation 8.20 is used to giveDT / T0T.

Finally, the hydrate dissociation temperature for the corresponding pressure atT0 can be simply calculated
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Figure 8.5: Universal curve relating the salt concentration, in terms of the e�ective mole fraction, to the
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with

T = T0

�
1 +

�
4 T
T0T

�
T0

� � 1

(8.22)

This correlation has characteristics that make it very desirable and useful to estimate the hydrate inhibition

strength of any single salt. In addition to its simplicity, it exhibi ts the correct limiting behavior, that is,

in the limit as the salt concentration approaches zero, the hydrate suppression temperature also approaches

zero.

Table 8.10: Parameters for the polynomial expression in Equation 8.21 for the pressure range of 2 to 200
MPa.

Parameters Values
a -4.646471Ö103

b 5.314653Ö106

c -2.271392Ö109

d 4.303065Ö1011

e -3.051174Ö1013

R2 0.99982

The collected hydrate phase equilibria data listed in Table 8.1 are used to test the performance of the

Hu-Lee-Sum correlation, as wells as check the limitations of the correlation, in terms of salt concentration

and pressure for chloride systems. Figure 8.7 to Figure 8.10 show the measured data and predicted results

from the Hu-Lee-Sum correlation for methane hydrate phase equilibria for systems containing NaCl, CaCl2,

KCl, and MgCl 2, respectively. The Hu-Lee-Sum correlation is shown to accurately predict the hydrate

suppression temperature even for near-saturated chloride solutions. Moreover, the results calculated with

the Hu-Lee-Sum correlation show good agreement with measured data for a wide range of pressures, ranging

from 2 to 200 MPa.

To better evaluate the accuracy and reliability of the Hu-Lee-Sum correlation, its predictions are compared

to three other commonly used methods to predict the hydrate suppression temperature: i) CSMGem based on

the van der Waals and Platteeuw model with the Soave-Redlich-Kwong equation of state for 
uid properties

and the Bromley equation to account for the water activity coe�cients w ith electrolytes, ii) PVTsim r based

on van der Waals and Platteeuw model with Peng-Robinson equation of state forthe 
uid properties and the

Pitzer's activity coe�cient model to account for the electrolyte s, and iii) the �stergaard et al. correlation.

The results comparing the methods will be reported as the average absolute deviation (AAD) in temperature,

de�ned as:

AAD =

P

N
jTpred � Texp j

N
(8.23)
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Figure 8.6: Literature data for methane hydrate phase equilibria with fresh water for pressure range of 2
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Figure 8.7: Experimental data of methane hydrate with NaCl aqueous solutions: NaCl-1-26-C1 (a -green),
NaCl-1-23-C1 (a -blue), NaCl-1-12-C1 (a -red), NaCl-2-10.84-C1 (1 -orange), NaCl-2-5.44-C1 (1 -pink),
NaCl-3-11.9-C1 (2 -red), NaCl-4-20-C1 (6 -green), NaCl-4-10-C1 (6 - crayon), NaCl-4-3.5-C1 (6 - brown),
NaCl-5-24.1-C1 (# -yellow), NaCl-5-21.5-C1 (# -violet), NaCl-5-17.1-C1 (# -blue) and NaCl-5-11.7-C1 (# -
black), along with predicted results from the Hu-Lee-Sum correlation in dash lines (|). The solid line
represents the methane hydrate phase equilibria with fresh water calculated by the polynomial regression.
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Figure 8.8: Experimental data of methane hydrate with CaCl2 aqueous solutions: CaCl2-1-32-C1 ( -
green), CaCl2-1-23.8-C1 ( -blue), CaCl2-1-20-C1 ( -red), CaCl2-2-7.14-C1 ( -orange), CaCl2-2-3.51-C1
( -pink), CaCl 2-3-14.5-C1 (2 -black), CaCl2-3-10.1-C1 (2 -brown), CaCl2-3-5-C1 (2 -violet), CaCl 2-4-17.05-
C1 (+-blue), CaCl 2-5-15-C1 (1 -red) and CaCl2-5-5-C1 (1 -violet), along with predicted results from the
Hu-Lee-Sum correlation in dash lines (|). The solid line represents the methane hydrate phase equilibria
with fresh water calculated by the polynomial regression.
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Figure 8.9: Experimental data of methane hydrate with KCl aqueous solutions: KCl-1-23-C1 (P -green),
KCl-1-20-C1 (P -red), KCl-2-13.41-C1 (2 -orange), KCl-2-6.83-C1 (2 -pink), KCl-3-10-C1 (1 -red), KCl-3-5-
C1 (1 -black), and KCl-4-15-C1 (3 -blue), along with predicted results from the Hu-Lee-Sum correlation in
dash lines (|). The solid line represents the methane hydrate phase equilibria with fresh water calculated
by the polynomial regression.
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Figure 8.10: Experimental data of methane hydrate with MgCl2 aqueous solutions: MgCl2-1-25-C1 (f -
green), MgCl2-1-20-C1 (f -red), MgCl2-2-15-C1 (+-green), MgCl2-2-10-C1 (+-blue), MgCl2-2-5-C1 (+-
black), MgCl2-3-10-C1 (# -blue) and MgCl2-3-6-C1 (# -red), along with predicted results from the Hu-
Lee-Sum correlation in dash lines (|). The solid line represents the methane hydrate phase equilibria with
fresh water calculated by the polynomial regression.
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where N is the number of equilibrium data points, Texp and Tpred are the measured and predicted hydrate

dissociation temperature, respectively, for aqueous solutions with salt. All the results for the AAD for

methane hydrate phase equilibrium temperature with NaCl, CaCl2, KCl, and MgCl 2 are summarized in

Figure 8.11 to Figure 8.14 and Table 8.11 to Table 8.14, respectively.

According to Figure 8.11, PVTsimr fails to provide prediction for methane hydrate with 26 wt% NaCl,

since it estimates that the solution is over-saturated at these conditions. However, it is veri�ed that the

solution with 26 wt% NaCl is under-saturated through measurements of thequadruple points, where hydrate,

solution, NaCl solid, and CH4 vapor coexist in Section 6.1.2. Moreover, �stergaard et al. correlation becomes

unreliable as NaCl concentration increases higher than 20 wt%, especially at higher pressure. The AAD for

�stergaard et al. correlation are 2.6 and 4.1 K compared with the experimental data for 23 and 26 wt% NaCl,

respectively, measured up to 200 MPa. Inversely, both method CSMGem and the Hu-Lee-Sum correlation

can provide comparable and accurate results of methane hydrate phase equilibria with 26 wt% NaCl up to

200 MPa.

Figure 8.11: Average absolute deviation of CSMGem (black), PVTsimr (blue), �stergaard et al. correlation
(green) and Hu-Lee-Sum correlation (gray) compared with experimental data of methane hydrate phase
equilibria with NaCl systems: 1. NaCl-1-12-C1, 2.NaCl-1-23-C1, 3. NaCl-1-26-C1, 4. NaCl-2-5.44-C1, 5.
NaCl-2-10.84-C1, 6. NaCl-3-11.9-C1, 7. NaCl-4-3.5-C1, 8. NaCl-4-10-C1, 9. NaCl-4-20-C1, 10. NaCl-5-
11.7-C1, 11. NaCl-5-17.1-C1, 12. NaCl-5-21.5-C1, 13. NaCl-5-24.1-C1. The symbol9 indicates that the
method fails to estimate the hydrate phase equilibrium at those conditions.

As shown in Figure 8.12, CSMGem, PVTsimr , �stergaard et al. correlation predict the methane hydrate

dissociation conditions in presence of 32 wt% CaCl2 with relatively large AAD of 9.6, 5.2 and 14.8 K
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Table 8.11: Average absolute deviation of predictions CSMGem, PVTsimr , �stergaard et al. correlation
and Hu-Lee-Sum correlation for methane hydrate with NaCl.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

NaCl-1-12-C1 12 0.4 0.4 0.8 0.5

NaCl-1-23-C1 23 0.9 1.4 2.6 0.2

NaCl-1-26-C1 26 0.7 - 4.1 0.7

NaCl-2-5.44-C1 5.44 0.1 0.1 0.1 0.1

NaCl-2-10.84-C1 10.84 0.2 0.4 0.1 0.1

NaCl-3-11.9-C1 11.9 0.1 0.1 0.3 0.3

NaCl-4-3.5-C1 3.5 0.2 0.2 0.5 0.5

NaCl-4-10-C1 10 0.2 0.2 0.1 0.1

NaCl-4-20-C1 20 0.4 0.2 1.0 0.3

NaCl-5-11.7-C1 11.7 0.3 0.4 0.1 0.1

NaCl-5-17.1-C1 17.1 0.2 0.1 0.5 0.3

NaCl-5-21.5-C1 21.5 0.3 0.1 0.8 0.2

NaCl-5-24.1-C1 24.1 0.6 0.8 1.8 0.5

respectively, which can be attributed to the inaccurate activity model used for CaCl2 at high concentration

in CSMGem and PVTsimr and the limited concentration in �stergaard et al. correlation. In contras t, the

Hu-Lee-Sum correlation successfully provides accurate hydrate dissociation temperature at this condition.

Figure 8.8 shows that the data for methane hydrate with 14.5 wt% CaCl2 from Kharrat et al. are inconsistent

with the data measured by Mohammadi et al. at 15 wt% CaCl2. Kharrat et al. measured methane hydrate

phase equilibria with CaCl2 using di�erential scanning calorimetry (DSC) method with contin uous heating,

which can lead to inaccurate measurements due to the continuous changeof salt concentration during hydrate

dissociation. Figure 8.12 shows that the AAD for the system with 14.5 wt% CaCl2 is 1.5, 1.4 and 1.6 K for

methods CSMGem, PVTsimr , and the Hu-Lee-Sum correlation, respectively.

Figure 8.9 and Figure 8.13 show that Hu-Lee-Sum correlation provides reliable and accurate predicted

results of methane hydrate in presence of KCl aqueous solutions with concentrations from 5 wt% (low) to

23 wt% (near-saturated). As shown in Figure 8.13, the AAD with the Hu-Lee-Sum correlation is lower than

1.0 K for all the data sets available, while �stergaard et al. correlation shows larger AAD of 1.6 and 2.0

K for methane hydrate with 20 and 23 wt% KCl, respectively, at pressures up to 200 MPa. CSMGem and

PVTsim r also give unreliable predictions at high KCl concentrations.

CSMGem, PVTsimr and �stergaard et al. correlation do not include magnesium chloride (MgCl2) as an

option of salts to perform the calculation, as such, Figure 8.14 only shows the AAD results for the Hu-Lee-

Sum correlation, which successfully provide reliable predictions for methane hydrate up to 25 wt% MgCl2,
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Figure 8.12: Average absolute deviation of CSMGem (black), PVTsimr (blue), �stergaard et al. correlation
(green) and Hu-Lee-Sum correlation (gray) compared with experimental data of methane hydrate phase
equilibria with CaCl 2 systems: 1. CaCl2 -1-20-C1, 2. CaCl2 -1-23.8-C1, 3. CaCl2 -1-32-C1, 4. CaCl2
-2-3.51-C1, 5. CaCl2 -2-7.14-C1, 6. CaCl2 -3-5-C1, 7. CaCl2 -3-10.1-C1, 8. CaCl2 -3-14.5-C1, 9. CaCl2
-4-17.05-C1, 10. CaCl2 -5-5-C1, 11. CaCl2 -5-15-C1.

Table 8.12: Average absolute deviation of CSMGem, PVTsimr , �stergaard et al. correlation and Hu-Lee-
Sum correlation for methane hydrate with CaCl2.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

CaCl2-1-20-C1 20 0.2 0.4 2.3 0.5

CaCl2-1-23.8-C1 23.8 1.2 0.7 4.1 0.7

CaCl2-1-32-C1 32 5.2 9.6 14.8 0.4

CaCl2-2-3.51-C1 3.51 0.3 0.3 0.3 0.8

CaCl2-2-7.14-C1 7.14 0.2 0.1 0.1 0.8

CaCl2-3-5-C1 5 0.2 0.2 0.2 0.8

CaCl2-3-10.1-C1 10.1 0.6 0.4 0.2 1.0

CaCl2-3-14.5-C1 14.5 1.5 1.4 0.7 1.6

CaCl2-4-17.05-C1 17.05 0.6 0.5 0.8 0.7

CaCl2-5-5-C1 5 0.2 0.2 0.1 0.6

CaCl2-5-15-C1 15 0.5 0.3 0.4 0.5
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Figure 8.13: Average absolute deviation of prediction CSMGem (black), PVTsimr (blue), �stergaard et al.
correlation (green) and Hu-Lee-Sum correlation (gray) compared with experimental data of methane hydrate
phase equilibria with KCl systems: 1. KCl-1-20-C1, 2. KCl-1-23-C1, 3. KCl-2-6.83-C1, 4. KCl-2-13.41-C1,
5. KCl-3-5-C1, 6. KCl-3-10-C1, 7. KCl-4-15-C1.

Table 8.13: Average absolute deviation of CSMGem, PVTsimr , �stergaard et al. correlation and Hu-Lee-
Sum correlation for methane hydrate with KCl.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

KCl-1-20-C1 20 1.2 1.4 1.6 0.2

KCl-1-23-C1 23 1.1 2.2 2.0 0.9

KCl-2-6.83-C1 6.83 0.2 0.1 0.1 0.3

KCl-2-13.41-C1 13.41 0.2 0.1 0.2 0.3

KCl-3-5-C1 5 0.2 0.3 0.2 0.2

KCl-3-10-C1 10 0.2 0.4 0.2 0.2

KCl-4-15-C1 15 0.2 0.1 0.2 0.3
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with maximum AAD of 1.0 K. Overall, there is a very limited experimen tal data and model/correlation for

hydrate phase equilibria with MgCl2, as such, the Hu-Lee-Sum correlation becomes considerably valuable

for the prediction of systems with this salt.
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Figure 8.14: Average absolute deviation of Hu-Lee-Sum correlation (gray) compared with experimental data
of methane hydrate phase equilibria with MgCl2 systems: 1. MgCl2-1-20-C1, 2. MgCl2-1-25-C1, 3. MgCl2-
2-5-C1, 4. MgCl2-2-10-C1, 5. MgCl2-2-15-C1, 6. MgCl2-3-6-C1, 7. MgCl2-3-10-C1. CSMGem, PVTsimr ,
�stergaard et al. correlation fail to estimate the hydrate phase equilib rium at those conditions.

Table 8.14: Average absolute deviation of CSMGem, PVTsimr , �stergaard et al. correlation and Hu-Lee-
Sum correlation for methane hydrate with MgCl2.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

MgCl2-1-20-C1 20 - - - 0.2

MgCl2-1-25-C1 25 - - - 1.0

MgCl2-2-5-C1 5 - - - 0.5

MgCl2-2-10-C1 10 - - - 0.2

MgCl2-2-15-C1 15 - - - 0.6

MgCl2-3-6-C1 6 - - - 0.6

MgCl2-3-10-C1 10 - - - 0.3

Figure 8.7 to Figure 8.14 show that the Hu-Lee-Sum correlation gives excellent results in predicting the

methane hydrate phase equilibria for the single chloride salts usedin developing the correlation. In order to

check the applicability and reliability of the Hu-Lee-Sum correlation in predicting hydrate phase equilibria
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for other single salt systems, we tested the correlation to predict the methane hydrate phase equilibria

with ammonia chloride (NH4Cl), sodium bromide (NaBr), potassium bromide (KBr), and calcium bromide

(CaBr2), separately, systems for which experimental data are listed in Table 8.2. For each of these salts, we

use the same correlation given by Equation 8.20, which again, is only based on data for NaCl, KCl, CaCl 2

and MgCl2. Equation 8.20 only requires the e�ective mole fraction of the salt, which can then be used to

obtain DT / T 0T. The results of these true predictions are shown in Figure 8.15 withthe AAD shown in

Figure 8.16 and Table 8.15. We note that these predictions are not possible with CSMGem as none of these

salts are included in their model; NH4Cl is also not included in the database of PVTsimr ; parameters for

�stergaard et al. correlation are only available for NaBr and KBr. Moreover, for CaBr2, it was shown in

Section 6.2 that commonly used prediction tools were unable to provide reliable hydrate phase equilibria

predictions, whereas the AAD with the Hu-Lee-Sum correlation is only about 1.3 K. As can be clearly seen

in Figure 8.16, the Hu-Lee-Sum correlation can accurately predict the experimental data for these few single

salt systems.

Table 8.15: Average absolute deviation between experimental data and predicted results from CSMGem,
PVTsim r , �stergaard et al. correlation and Hu-Lee-Sum correlation for methane hydrate phase equilibrium
temperature.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

NH4Cl-1-10-C1 10 - - - 0.2

NH4Cl-1-5-C1 5 - - - 0.3

NaBr-1-10-C1 10 - 0.2 0.1 0.1

NaBr-1-5-C1 5 - 0.2 0.2 0.1

NaBr-2-20-C1 20 - 0.2 0.2 0.2

NaBr-2-10-C1 10 - 0.1 0.1 0.1

KBr-1-10-C1 10 - 0.2 0.1 0.1

KBr-1-5-C1 5 - 0.1 0.1 0.2

CaBr2-1-32-C1 32 - 2.5 - 1.3

CaBr2-2-15-C1 15 - 0.3 - 0.5

CaBr2-2-5-C1 5 - 0.8 - 0.3

CaBr2-3-15-C1 15 - 0.2 - 0.5

CaBr2-3-5-C1 5 - 0.1 - 0.4

To understand why the Hu-Lee-Sum correlation can be generally applied to predict the hydrate phase

equilibria for any single salt system, we take a closer look at Equation 8.19 and Figure 8.5. For hydrate

structure I, the value of � in Equation 8.19 is reasonably constant, and Equation 8.19 simply states that the

suppression temperature is directly related to the water activity. Any salt dissolved in water has an e�ective
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Figure 8.15: Experimental data of methane hydrate with salt systems (a) NH4Cl-1-10-C1 (9 -blue) and
NH4Cl-1-5-C1 (9 -black); (b) NaBr-1-10-C1 (1 -blue), NaBr-1-5-C1 (1 -black) NaBr-2-20-C1 (6 -red),
NaBr-2-10-C1 (6 -blue); (c) KBr-1-10-C1 (1 -red) and KBr-1-5-C1 (1 -blue); (d) CaBr 2-1-32-C1 (P -red),
CaBr2-2-15-C1 (P -blue), CaBr2-2-5-C1 (P -black), CaBr2-3-15-C1 (1 -blue) and CaBr2-3-5-C1 (1 -black),
along with predicted results from Hu-Lee-Sum correlation with dash lines (|) and polynomial regression for
methane hydrate phase equilibria in pure water with solid line (|).
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Figure 8.16: Average absolute deviation of prediction CSMGem (black), PVTsimr (blue), �stergaard et al.
correlation (green) and Hu-Lee-Sum correlation (gray) compared with experimental data of methane hydrate
phase equilibria with salt systems: 1. NH4Cl-1-10-C1, 2. NH4Cl-1-5-C1, 3. NaBr-1-10-C1, 4. NaBr-1-5-C1,
5. NaBr-2-20-C1, 6. NaBr-2-10-C1, 7. KBr-1-10-C1, 8. KBr-1-5-C1, 9. CaBr2-1-32-C1, 10. CaBr2-2-15-C1,
11. CaBr2-2-5-C1, 12. CaBr2-3-15-C1, 13. CaBr2-3-5-C1. The symbol9 indicates that the method fails to
estimate the hydrate phase equilibrium at those conditions.
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contribution to change the water activity, which is mainly determin ed by the charge density of the ions. As

such, it may not be surprising that Figure 8.5 and Equation 8.20 represent a \universal" curve for the water

activity. To further demonstrate the generality and universality of the universal curve, Figure 8.17 shows

Figure 8.5 replotted with the additional values of DT / T0T based on the experimental data for NH4Cl,

NaBr, KBr, and CaBr 2. It is evident in Figure 8.17 that any single salt at any concentration will fall on the

universal water activity curve.
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Figure 8.17: Universal curve to determine the hydrate suppression temperature based on the e�ective mole
fraction of any salt as shown in Figure 8.5 with the additional values based onexperimental data for NH4Cl
(8 ), NaBr ( a ), KBr (  ), and CaBr2 (P ) showing the universality of the correlation. See Figure 8.5 caption
for description of the open symbols.

8.3.5 Predicted Results for Carbon Dioxide and Ethane Hydrate Phase Equ ilibira in Single
Salts Systems

All the results shown so far are for methane hydrate suppression temperature. The correlation developed

is applicable for any single salt system at any concentration. Comparing Equation 8.19 and 8.20, the inherent

assumption is that the factor � is constant, meaning that the ratio of the hydration number to the dissociation

heat are also constant. If we consider the value ofnR/ DH diss for other structure I hydrate systems, we �nd

that it is 0.8657 and 0.9143 for ethane and carbon dioxide hydrates, respectively, which compare very closely

to 0.9115 for methane hydrates (details in Table 8.16). Therefore, if we assume that the variation in �

is negligible for any structure I hydrate, the Hu-Lee-Sum correlation (Equation 8.20) can be readily used

predict the hydrate suppression temperature for other structureI systems besides methane hydrates, as long
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as the fresh water hydrate dissociation temperature is available. Wetested the Hu-Lee-Sum correlation to

the literature data available for carbon dioxide and ethane hydrate phase equilibria in single salt systems,

as summarized in Table 8.3 and Table 8.4, respectively. Figure 8.18 and Figure 8.19 summarize the average

absolute deviation between experimental data and predicted results for carbon dioxide and ethane hydrate

phase equilibria, respectively. For the hydrate dissociation temperature for carbon dioxide and ethane in

fresh water, PVTsimr was used, which is accurate compared to experimental data. As shown in Figure 8.18

and Figure 8.19, the performance of Hu-Lee-Sum correlation is consistent forstructure I (sI) hydrate in

presence of di�erent kinds of salts with salt concentration from relatively low to near-saturated. In addition,

compared with �stergaard et al. correlation, the Hu-Lee-Sum correlation is more general, which can be

applied to any salt without the necessity of time-consuming and costly measurements and analysis to obtain

the model parameters.

Table 8.16: Literature data of hydrate dissociation enthalpy and hydration number for methane, ethane, and
carbon dioxide hydrates.

Methane Ethane Carbon Dioxide

DH diss

(kJ/mol gas)
n DH diss

(kJ/mol gas)
n DH diss

(kJ/mol gas)
n

54.44 [63] 6.00 [147] 71.80[147] 7.67[147] 60.20 [148] 6.07 [148]

54.19 [147] 5.99 [149] 69.71 [150] 7.00 [150] 58.99 [151] 7.30 [151]

56.90 [91] 5.77 [152] 73.88 [136] 8.25 [136] 59.90 [153] 6.21 [93]

56.84 [154] 6.00 [155] 86.32 [156] 8.24 [155] 57.66 [93] 6.60 [95]

55.30 [157] 6.30 [29] 76.09 [158] 63.60 [95] 7.23 [154]

51.60 [159] 71.10 [90] 65.22 [154] 6.20 [160]

53.81 [93] 7.30 [153]

Avg.xx54.73 Avg. xx6.00 Avg.xx74.82 Avg.xx7.79 Avg.xx60.93 Avg.xx6.70

nR/ DH diss 0.9115 nR/ DH diss 0.8657 nR/ DH diss 0.9143

8.4 Hu-Lee-Sum Correlation for Structure I (sI) Hydrate Suppression T emperature of Mixed
Salts Systems

Salts are known as thermodynamic hydrate inhibitors, shifting thehydrate dissociation conditions to lower

temperature and higher pressure through strong electrostatic forcesbetween water molecules and dissolved

ions. Salts commonly exist in produced water and are also widely prevalent in the oil/gas production. The

major electrolytes present in seawater and produced water are mixed salts containing Na+ , K+ , Ca2+ , Mg2+ ,

Ba2+ , Br � , Cl � , SO42� , etc [161]. As such, it is of great importance to that the universal correlation be

suitable for the estimation of hydrate suppression temperature for brines with mixed salts.
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Figure 8.18: Average absolute deviation of prediction CSMGem (black), PVTsimr (blue), �stergaard et al.
correlation (green) and Hu-Lee-Sum correlation (gray) compared with experimental data of carbon dioxide
hydrate phase equilibria with salt systems: 1. NaCl-1-5-CO2, 2. NaCl-2-20-CO2, 3. NaCl-2-10-CO2, 4.
NaCl-3-20-CO2, 5. NaCl-3-15-CO2, 6. NaCl-3-10-CO2, 7. NaCl-3-5-CO2, 8. NaCl-3-3-CO2, 9. KCl-1-10-
CO2, 10. KCl-2-10-CO2, 11. KCl-3-15-CO2, 12. KCl-3-10-CO2, 13. KCl-3-5-CO2, 14. KCl-3-3-CO2, 15.
CaCl2-1-15-CO2, 16. CaCl2-2-20-CO2, 17. CaCl2-2-15-CO2, 18. CaCl2-2-10-CO2, 19. CaCl2-2-5-CO2, 20.
CaCl2-2-3-CO2, 21. MgCl2-1-10-CO2, 22. MgCl2-1-5-CO2, 23. MgCl2-1-3-CO2. The symbol9 indicates
the method fails to estimate the hydrate phase equilibrium at thoseconditions.
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Table 8.17: Average absolute deviation between experimental data and predicted results from CSMGem,
PVTsim r , �stergaard et al. correlation and Hu-Lee-Sum correlation and correlation for carbon dioxide
hydrate phase equilibrium temperature.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

NaCl-1-5-CO2 5 0.4 0.5 0.4 0.4

NaCl-2-20-CO2 20 2.1 0.7 1.1 0.2

NaCl-2-10-CO2 10 0.2 0.4 0.3 0.3

NaCl-3-20-CO2 20 0.4 1.5 1.8 0.9

NaCl-3-15-CO2 15 0.2 0.3 0.7 0.5

NaCl-3-10-CO2 10 0.3 0.5 0.1 0.1

NaCl-3-5-CO2 5 0.2 0.3 0.4 0.3

NaCl-3-3-CO2 3 0.2 0.2 0.2 0.2

KCl-1-10-CO2 10 0.4 0.2 0.2 0.2

KCl-2-10-CO2 10 0.3 0.3 0.3 0.2

KCl-3-15-CO2 15 0.4 - 0.4 0.1

KCl-3-10-CO2 10 0.2 0.3 0.3 0.1

KCl-3-5-CO2 5 0.1 0.2 0.2 0.2

KCl-3-3-CO2 3 0.1 0.2 0.2 0.2

CaCl2-1-15-CO2 15 - 0.6 0.3 1.1

CaCl2-2-20-CO2 20 1.3 1.2 1.5 0.2

CaCl2-2-15-CO2 15 0.9 0.4 0.5 0.7

CaCl2-2-10-CO2 10 0.5 0.3 0.2 0.6

CaCl2-2-5-CO2 5 0.3 0.3 0.1 0.6

CaCl2-2-3-CO2 3 0.2 0.2 0.2 0.4

MgCl2-1-10-CO2 10 - - - 0.3

MgCl2-1-5-CO2 5 - - - 0.4

MgCl2-1-3-CO2 3 - - - 0.3
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Figure 8.19: Average absolute deviation of CSMGem (black), PVTsimr (blue), �stergaard et al. correla-
tion (green) and Hu-Lee-Sum correlation (gray) compared with experimental data of ethane hydrate phase
equilibria with salt systems: 1. NaCl-1-5-C2, 2. NaCl-2-20-C2, 3. NaCl-2-10-C2, 4. NaCl-2-3.1-C2, 5.
NaCl-3-15-C2, 6. NaCl-3-10-C2, 7. NaCl-4-20-C2, 8. NaCl-5-20-C2, 9. KCl-1-10-C2, 10. KCl-2-12.3-C2,
11. CaCl2-1-15-C2, 12. CaCl2-1-5-C2, 13. CaCl2-2-15-C2, 14. MgCl2-1-20-C2, 15. MgCl2-1-10-C2. The
symbol 9 indicates the method fails to estimate the hydrate phase equilibrium at those conditions.
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Table 8.18: Average absolute deviation between experimental data and predicted results from CSMGem,
PVTsim r , �stergaard et al. correlation and Hu-Lee-Sum correlation for ethane hydrate phase equilibrium
temperature.

Reference Salt Conc. (wt%)
AAD of Predictions (K)

CSMGem PVTsimr �stergaard et al.
correlation

Hu-Lee-Sum
correlation

NaCl-1-5-C2 5 0.1 0.4 0.4 0.6

NaCl-2-20-C2 20 0.3 0.3 0.9 0.7

NaCl-2-10-C2 10 0.2 0.4 0.2 0.3

NaCl-2-3.1-C2 3.1 0.2 0.4 0.3 0.5

NaCl-3-15-C2 15 0.2 0.6 0.1 0.5

NaCl-3-10-C2 10 0.1 0.5 0.2 0.4

NaCl-4-20-C2 20 0.6 1.0 0.3 1.5

NaCl-5-20-C2 20 0.4 0.1 1.0 0.5

KCl-1-10-C2 10 0.1 0.3 0.3 0.6

KCl-2-12.3-C2 12.3 0.1 0.1 0.1 0.6

CaCl2-1-15-C2 15 0.5 0.7 0.2 1.2

CaCl2-1-5-C2 5 0.5 0.8 1.0 1.5

CaCl2-2-15-C2 15 0.3 0.3 0.4 0.9

NaBr-1-20-C2 20 - 0.4 0.2 0.3

NaBr-1-10-C2 10 - 0.3 0.3 0.4

8.4.1 Summary of Measured Data Used for Development and Validation of Hu-Lee -Sum
Correlation

In order to extend the Hu-Lee-Sum (HLS) correlation introduced in the previous section of this chapter

for wider application, in terms of mixed salts, we considered the e�ect of salt mixture, in addition to pressure,

hydrate inhibitor species (salt) and concentration here. Literature data for both pure gas (methane, ethane,

and carbon dioxide ) and mixed gases (methane-ethane and methane-carbon dioxide) hydrate phase equilibria

in mixed salts solutions are collected in Table 8.19 to Table 8.22 to develop the HLS correlation. These data

span a wide range of conditions in terms of gas and salt compositions, salt concentration, temperature, and

pressure. These literature data are used to evaluate the applicability and reliability of the HLS correlation

for structure I hydrates in mixed salts solutions.

8.4.2 Application of the Hu-Lee-Sum (HLS) Correlation in Mixed Salts Solu tion

One of the key �ndings and assumptions in the HLS correlation is that the value of DT / T0T is indepen-

dent of temperature, which is also applicable for mixed salt solutionsas shown in Figure 8.20. Moreover, it

is found that, with the introduction of the e�ective mole fraction ( X =
P

i =ions
jzi j x i ), the value of DT / T0T

can be expressed as a polynomial equation inX, resulting in the HLS correlation, for structure I hydrate in

128



Table 8.19: Collection of measured data for methane hydrate phase equilibria with mixed salts solutions.

Referencesa Salt Composition Temperature
Range (K)

Pressure
Range (MPa)

1. Atik et al., 2010[36] a. 2.422 wt% NaCl + 0.07 wt% KCl +
0.101 wt% CaCl2 + 0.564 MgCl2 +
0.378 wt% Na2SO4

275 - 291 3 - 23

2. Dholabhai et al., 1991[35]

a. 3 wt% NaCl + 3 wt% KCl 271 - 279 2 - 6
b. 5 wt% NaCl + 5 wt% KCl 270 - 282 2 - 10
c. 5 wt% NaCl + 10 wt% KCl 272 - 279 2 - 10
d. 5 wt% NaCl + 15 wt% KCl 266 - 277 2 - 9
e. 10 wt% NaCl + 12 wt% KCl 264 - 274 2 - 9
f. 3 wt% NaCl + 3 wt% CaCl 2 270 - 282 2 - 9
g. 6 wt% NaCl + 3 wt% CaCl 2 271 - 280 3 - 8
h. 10 wt% NaCl + 3 wt% CaCl 2 269 - 278 3 - 8
i. 10 wt% NaCl + 6 wt% CaCl 2 266 - 275 2 - 7
j. 3 wt% NaCl + 10 wt% CaCl 2 268 - 280 3 - 10
k. 6 wt% NaCl + 10 wt% CaCl 2 268 - 278 3 - 10

3. Dickens et al., 1997[56]
a. 5.16 wt% NaCl + 6.58 wt% KCl 271 - 280
b. 8.29 wt% MgCl2 + 4.66 wt% NH 4Cl 269 - 276 3 - 8

4. Exp. Data (Chapter 6)

a. 5.2 wt% NaCl + 6.6 wt% KCl 290 - 306 3 - 7
b. 5.0 wt% NaCl + 9.5 wt% CaCl2 287 - 303 35 - 180
c. 6.9 wt% NaCl + 9.3 wt% CaCl2 286 - 301 35 - 180
d. 9.5 wt% NaCl + 9.0 wt% CaCl2 282 - 299 40 - 180
e. 2.1 wt% NaCl + 2.6 wt% KCl + 3.9
wt% CaCl2 + 3.4 wt% MgCl 2

291 - 304 32 - 180

f. 6.7 wt% NaCl + 8.6 wt% KCl + 4.3
wt% CaCl2 + 3.7 wt% MgCl2 2

285 - 294 48 - 152

g. 8.9 wt% NaCl + 14.6 wt% MgCl2 273 - 286 72 - 163
h. 10.4 wt% NaCl + 8.2 wt% CaCl2 +
7.1 wt% MgCl2

279 - 285 38 - 170

i. 15.7 wt% CaCl2 + 13.5 wt% MgCl 2 266 - 270 94
xxxxxxxxxxxxxxxxxxxx

a a particular reference will be cited abbreviated as: salt composition-reference-gas. For example: a2 C1
corresponds to the methane hydrate with 3 wt% NaCl and 3 wt% KCl data from Dholabhai et al., 1991.
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Table 8.20: Collection of measured data for carbon dioxide hydrate phase equilibria with mixed salts solu-
tions.

Referencesa Salt Composition Temperature
Range (K)

Pressure
Range (MPa)

1. Ohgaki et al., 1993 [162] a. 2.35 wt% NaCl + 0.11 wt% CaCl2

+ 0.498 MgCl2 + 0.392 wt% Na2SO4

274 - 282 1 - 5

2. Dholabhai et al., 1993[144]

a. 3 wt% NaCl + 3 wt% KCl 271 - 280 1 - 4
b. 5 wt% NaCl + 5 wt% KCl 269 - 278 1 - 4
c. 7 wt% NaCl + 10 wt% KCl 267 - 275 1 - 4
d. 15 wt% NaCl + 5 wt% KCl 262 - 270 1 - 4
e. 3 wt% NaCl + 3 wt% CaCl2 270 - 280 1 - 4
f. 8 wt% NaCl + 2 wt% CaCl 2 267 - 276 1 - 4
g. 2 wt% NaCl + 8 wt% CaCl 2 267 - 278 1 - 4
h. 5 wt% NaCl + 14.7 wt% CaCl2 259 - 268 1 - 3
j. 2.391 wt% NaCl + 0.069 wt% KCl
+ 0.115 wt% CaCl2 + 0.507 MgCl2 +
0.011 wt% KBr + 0.401 wt% Na2SO4

+ 0.005 wt% NaF + 0.002 wt% SrCl2

272 - 282 1 - 5

xxxxxxxxxxxxxxxxxxxx
a a particular reference will be cited abbreviated as: salt composition-reference-gas. For example: a2 CO2
corresponds to the carbon dioxide hydrate with 3 wt% NaCl and 3 wt% KCl data from Dholabhai et al.,

1993.

Table 8.21: Collection of measured data for ethane hydrate phase equilibria with mixed salts solutions.

Referencesa Salt Composition Temperature
Range (K)

Pressure
Range (MPa)

1. Englezos et al., 1991[41]

a. 10 wt% NaCl + 5 wt% CaCl2 266 - 277 0.5 - 2
b. 10 wt% KCl + 5 wt% CaCl 2 268 - 277 0.5 - 2
c. 10 wt% NaCl + 5 wt% KCl 267 - 277 0.5 - 2
d. 6 wt% NaCl + 5 wt% KCl + 3 wt%
CaCl2

269 - 279 0.5 - 2

e. 5 wt% NaCl + 5 wt% KCl + 3 wt%
CaCl2 + 3 wt% KBr

269 - 279 0.5 - 2

xxxxxxxxxxxxxxxxxxxx
a a particular reference will be cited abbreviated as: salt composition-reference-gas. For example: c1 C2

corresponds to the ethane hydrate with 10 wt% NaCl and 5 wt% KCl data from Englezos et al., 1991.
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Table 8.22: Collection of measured data for mixed gases hydrate phase equilibria with mixed salts solutions.

Referencesa Gas Composition Salt Composition Temperature
Range (K)

Pressure
Range
(MPa)

1. Bishnoi et al., 1996 [163]

80C1/20CO2

a. 5wt% NaCl 271 - 282 2 - 7
b. 10wt% NaCl 268 - 280 2 - 7
c. 15wt% NaCl 264 - 278 2 - 8
d. 20wt% NaCl 262 - 275 2 - 10
e. 5wt% KCl 271 - 283 2 - 7
f. 10 wt% KCl 272 - 280 1 - 6
g.15 wt% KCl 266 - 278 1 - 6
h.10 wt% CaCl2 268 - 280 1 - 7
i.15 wt% CaCl2 266 - 277 1 - 8
j. 20 wt% CaCl2 263 - 274 2 - 10
k. 5 wt% NaCl +
10 wt% CaCl2

265 - 277 2 - 8

l. 10 wt% KCl + 5
wt% CaCl2

265 - 282 1 - 11

m. 5 wt% NaCl +
10 wt% KCl

265 - 282 1 - 11

n. 10 wt% NaCl +
5 wt% CaCl2

265 - 279 2 - 10

o. 6 wt% NaCl + 5
wt% KCl + 4wt%
CaCl2

265 - 279 1 - 8

50C1/50CO2
a. 10 wt% NaCl +
10 wt% CaCl2

264 - 271 2 - 6

b. 10 wt% NaCl +
5 wt% KCl

265 - 276 2 - 5

c. 6 wt% NaCl + 5
wt% KCl + 4wt%
CaCl2

266 - 276 1 - 5

2. Maekawa et al., 2001 [55]
97.9C1/2.1C2 a. 5wt% NaCl 277 - 284 3 - 8
95.2C1/4.8C2 a. 5wt% NaCl 290 - 288 4 - 10
90.2C1/9.8C2 a. 5wt% NaCl 281 - 289 3 - 9

xxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: salt

composition-reference-gas. For example: a1 80C1/20CO2 corresponds to the mixed gas (20 mol% carbon
dioxide + 80 mol% methane) hydrate with 5 wt% NaCl data from Bishnoi et al. , 1996.
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the systems containing single salt solutions as illustrated in Equation 8.20.

Without any further changes to the HLS correlation, the prediction of structure I hydrate suppression

temperature for mixed salts systems can be easily done by adding the contribution of each salt to the e�ective

mole fraction, given by

X =
X

j =salts

X

i =ions

jzj;i j x j;i (8.24)

where z and x are ion charge number and mole fraction, respectively, andi and j represent the ion and

salt, respectively. This simple extension to determine the e�ective mole fraction allows the HLS correlation

to be applicable and give reliable predictions of hydrate suppressiontemperature in mixed salts systems.

Figure 8.21 shows the original HLS correlation and the average value ofDT / T0T based on experimental

data for a few selected mixed salt systems.

8.4.3 Predicted Results for Structure I Hydrate Phase Equilibira i n Mixed Salts Systems

With the introduced modi�cations of the HLS correlation, it is simple and convenient to calculate the

hydrate suppression temperature at any given condition in terms of pressure, salt species, and concentration.

Here, the hydrate dissociation temperature with fresh water (T 0) is obtained from a hydrate prediction tool

(PVTsim r ). The e�ective mole fraction for mixed salts solution can be easily calculated for any salt mixture

and concentration with Equation 8.24, from which Equation 8.20 is then used to calculateDT / T0T. Finally,

the hydrate dissociation temperature for the corresponding pressure at T 0 can be simply calculated from

Equation 8.22.

In the same way as for the single salt system, the HLS correlation has simplicity even for mixed salts

solutions and still exhibits the correct limiting behavior, that i s, in the limit as the salt concentration

approaches zero, the hydrate suppression temperature also approaches zero.

The collected structure I hydrate phase equilibria data for pure methane, ethane, carbon dioxide, as well

as mixed methane-carbon dioxide, and methane-ethane gases listed in Table 8.19 to Table 8.22 are used to

test the performance of the HLS correlation, as wells as check the limitations of the correlation, in terms of

salt concentration and pressure. Figure 8.22 to Figure 8.26 show the average absolute deviation (AAD) in

temperature (Equation 8.23) between experimental data and predictedresults from the HLS correlation and

PVTsim r .

Figure 8.22 shows that both the HLS correlation and PVTsimr provide reliable and accurate results

for methane hydrate phase equilibria in mixed salts solutions at pressure lower than 10 MPa with deviation

smaller than 1 K. However, as the pressure increases to 30 MPa, prediction from PVTsim r becomes unreliable

with deviations higher than 4 K in mixed salt solutions with total salt con centration of 18.5 wt%. This
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Figure 8.20: Relationship betweenDT / T0T and temperature T for methane hydrate in mixed salts systems
for data (a) from a-1-C1 (P -black), a-2-C1 (a -red), b-2-C1 (a -blue), c-2-C1 (a -green), d-2-C1 (a -orange),
e-2-C1 (a -grey), f-2-C1 (1 -black), g-2-C1 (1 -red), h-2-C1 (1 -green), i-2-C1 (1 -orange), j-2- C1 (1 -blue),
k-2-C1 (1 -grey), a-3-C1( -black), and b-3-C1( -red); (b) from a-4-C1 (f -black), b-4-C1 (f -red), c-4-C1
(f -blue), d-4-C1 (f -green), e-4-C1 (6 -black), f-4-C1 (6 -red), g-4-C1 (6 -blue), h-4-C1 (6 -green), i-4-C1
(6 -orange).
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Figure 8.21: Universal curve from HLS correlation to determine the hydratesuppression temperature based
on the e�ective mole fraction of any salt with the values based on experimental data of methane hydrate
phase equilibria for NaCl (D), KCl (  ), CaCl2 (# ), MgCl 2 (6 ), as well as additional values of measured
data for mixed salts (c ) showing the universality of the correlation. Dash line is the �tte d polynomial line
illustrated in Equation 8.20.
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indicates that PVTsim r losses its prediction accuracy at severe conditions in terms of high pressure and

salt concentration, most likely due to the de�ciency of calculating the water activity over a wide range of

temperature and salt concentration. Moreover, PVTsimr is also limited by the components provided in its

database, and as such, it is unavailable to predict hydrate dissociation conditions in the mixed salts systems

containing the chemicals not supplied as an option, such as MgCl2 and CaBr2. Compared to PVTsimr , the

HLS correlation shows better agreement with experimental data over a wider range of pressure and total

salt concentration. Moreover, the HLS correlation shows the unique property of universality, and as such,

there is no limitation of the salt species. This is proved by the fact that HLS correlation provides reliable

estimation in most mixed salt systems with deviation lower than 1.6 K, as shown in Figure 8.22.

Figure 8.22: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data for methane hydrate phase equilibria in mixed salts systems: 1: a-1-C1, 2: a-2-C1, 3:
b-2-C1, 4: c-2-C1, 5: d-2-C1, 6: e-2-C1, 7: f-2-C1, 8: g-2-C1, 9: h-2-C1, 10: i-2-C1, 11: j-2-C1, 12: k-2-C1,
13: a-3-C1, 14: b-3-C1 15: a-4-C1, 16: b-4-C1, 17: c-4-C1, 18: d-4-C1, 19: e-4-C1, 20: f-4-C1, 21: g-4-C1,22:
h-4-C1, 23: i-4-C1. The symbol9 indicates that the method fails to estimate the hydrate phase equilibrium
at those conditions.

Since the HLS correlation can be readily used to predict the hydrate suppression temperature for other sI

systems besides methane hydrates, as long as the fresh water hydratedissociation temperature is available,

we also checked the performance of HSL correlation for carbon dioxide and ethane hydrates in mixed salts

systems, with the results shown in Figure 8.23 and Figure 8.24. For carbondioxide hydrate (Figure 8.23),

the HLS correlation performs much better than PVTsimr , with a maximum AAD of 0.5 K. Though the

application of HSL correlation for ethane hydrate is not as good as that for carbon dioxide hydrate due to the

assumption that b in Equation 8.20 is constant for all structure I (sI) hydrates, it still provides reasonable

results for ethane hydrates in presence of mixed salts with deviation no more than 1.2 K (note that b could

be adjusted to account for the di�erence in DH diss between methane and ethane hydrates, improving the
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accuracy of the predictions). The performance of HLS correlation for sI hydrates formed from mixed gas

are evaluated by comparing with experimental data of hydrate phase equilibria in the system with mixed

methane-carbon dioxide and methane-ethane gases, as shown in Figure 8.25and Figure 8.26, respectively.

The results show that the predictions with the HLS correlation and PVTsimr are comparable for the systems

and conditions considered.

Figure 8.23: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data for carbon dioxide hydrate phase equilibria withmixed salts systems. 1: a-1-CO2, 2: a-
2-CO2, 3: b-2-CO2, 4: c-2-CO2, 5: d-2-CO2, 6: e-2-CO2, 7: f-2-CO2, 8: g-2-CO2, 9: h-2-CO2, 10: i-2-CO2,
11: j-2-CO2. The symbol 9 indicates that the method fails to estimate the hydrate phase equilibrium at
those conditions.

Figure 8.24: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data for ethane hydrate phase equilibria with mixed salts systems: 1: a-1-C2, 2: b-1-C2, 3:
c-1-C2, 4: d-1-C2, 5: e-1-C2.
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Figure 8.25: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data for mixed methane and carbon dioxide hydrate phase equilibria with mixed salts systems.
1: a-1-80C2/20CO2, 2: b-1-80C2/20CO2, 3: c-1-80C2/20CO2, 4: d-1-80C2/20CO2, 5: e-1-80C2/20CO2, 6:
f-1-80C2/20CO2, 7: g-1-80C2/20CO2, 8: h-1-80C2/20CO2, 9: i-1-80C2/20CO2, 10: j-1-80C2/20CO2, 11:
k-1-80C2/20CO2, 12: l-1-80C2/20CO2, 13: m-1-80C2/20CO2, 14: n-1-80C2/20CO2, 15: o-1-80C2/20CO2,
16: a-1-50C2/50CO2, 17: b-1-50C2/50CO2, 18: c-1-50C2/50CO2.

Figure 8.26: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data for mixed methane and ethane hydrate phase equilibria with mixed salts systems. 1:
a-2-97.9C1/2.1C2, 2: a-2-95.2C1/4.8C2, 3: a-2-90.2C1/9.8C2.

8.5 Hu-Lee-Sum Correlation for Structure II (sII) Hydrate Suppressi on Temperature of
Mixed Salts Systems

Natural gas, a hydrocarbon gas mixture consisting primarily of methane, but commonly including varying

amounts of other higher alkanes and non-combustible gases (e.g., carbon dioxide, nitrogen, hydrogen sul�de,),

naturally occurs in oil/gas production and transportation. Pure methane forms sI hydrates, while sII hydrates
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are typically formed for natural gas due to the presence of propane and butanes. Therefore, it is necessary

to extend the developed HLS correlation for the prediction of sII hydrate phase equilibria in saline solutions.

8.5.1 Summary of Measured Data Used for Development and Validation of Hu-Lee -Sum
Correlation

Here, we consider the e�ect of gas former on hydrate structure which isan important contribution to

hydrate suppression temperature. Literature data for both pure propane and mixed gases sII hydrate phase

equilibria in mixed salts solutions are collected in Table 8.23 and Table 8.24 to compare with the HLS

correlation.

Table 8.23: Collection of measured data for propane hydrate phase equilibria with mixed salts solutions.

Referencesa Salt Composition Temperature
Range (K)

Pressure Range
(MPa)

1. Bishnoi et al., 1993 [45]
a. 7.98 wt% NaCl + 1.99 wt% CaCl2 269 - 273 0.2
b. 1.98 wt% NaCl + 1.99 wt% KCl +
1.99 wt% CaCl2

271 - 275 0.1 - 0.5

2. Tohidi et al., 1997[47]

a. 5 wt% NaCl + 5 wt% CaCl 2 270 - 273 0.2 - 0.5
b. 4.9 wt% NaCl + 3.8 wt% CaCl2 270 - 274 0.2 - 0.5
c. 2.354 wt% NaCl + 0.086 wt% KCl
+ 0.116 wt% CaCl2 +0.524 wt%
MgCl2 + 0.428 wt% Na2SO4

272 - 276 0.2 - 0.5

d. 6.993 wt% NaCl + 0.066 wt% KCl
+ 0.735 wt% CaCl2 + 0.186 MgCl2 +
0.099 wt% SrCl2 + 0.036 wt% BaCl2

270 - 274 0.2 - 0.4

xxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: salt

composition-reference-gas. For example: a1 C3 corresponds to the propane gas hydrate with 7.98 wt%
NaCl + 1.99 wt% CaCl2 data from Bishnoi et al., 1993.

8.5.2 Application of the Hu-Lee-Sum (HLS) Correlation for Structure II Hy drates

As discussed in Section 8.2, one of the contributions in the right side ofEquation 8.18 isnR/ DH diss , which

accounts for the heat of hydrate formation/dissociation and hydration number, both of which are strongly

dependent on the hydrate forming system, that is, gas composition. Theterm nR/ DH diss is assumed to

be independent of pressure, since the combined changes ofDH diss and n, which are a function of pressure,

are relatively small compared with the absolute value of the quantity. Moreover, in the development of the

HLS correlation, it is veri�ed that the values of nR/ DH diss for sI hydrates forming from di�erent guest

molecules, such as methane, ethane, and carbon dioxide, are quite close, which indicates that the variation

in nR/ DH diss is negligible for any sI hydrate. Therefore,b1 = nR/ DH diss is used here to represent this

term for sI hydrate. As it is necessary to extend the HLS correlation for sII hydrate systems, the values of

DT / T0T for sI and sII hydrates are compared at the condition with the same salt species and concentration,
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Table 8.24: Collection of measured data for propane hydrate phase equilibria with mixed salts solutions.

Referencesa Gas Composition Salt Composition
Temperature
Range (K)

Pressure
Range
(MPa)

a. 10 wt% NaCl 275 - 291 1 - 14
b. 2.87 wt% NaCl + 2.87
wt% KCl + 2.89 wt%
CaCl2

278 - 293 1 - 14

c. 5.55 wt% NaCl + 1.85
wt% KCl + 1.85 wt%
CaCl2

276 - 292 1 - 14

1. Tohidi et al., 1997[47]

85.47C1/ 7.72C2/
3.30C3/ 0.81iC4/
1.01nC4/ 0.30iC4/
0.30nC5/ 0.84N2/
0.25CO2b

d. 2.354 wt% NaCl +
0.086 wt% KCl + 0.116
wt% CaCl2 + 0.524
MgCl2 + 0.428 wt%
Na2SO4

278 { 294 1 - 11

e. 6.993 wt% NaCl +
0.066 wt% KCl + 0.735
wt% CaCl2 + 0.186
MgCl2 + 0.099 wt%
SrCl2 + 0.036 wt%
BaCl2

275 - 290 1 - 7

2. Bishnoi et al., 1999[51] 78C1/2C3/20CO2
a. 5 wt% NaCl 280 - 289 3 - 10
b. 10 wt% NaCl 277 - 283 2 - 6
c. 20 wt% NaCl 274 - 277 3 - 6

3. Exp. Data (Chapter 6) 74.7C1/25.3C2

a. 12 wt% NaCl 292 - 308 34 - 177
b. 23 wt% NaCl 282 - 297 33 - 179
c. 20 wt% CaCl2 284 - 300 32 - 176
d. 32 wt% CaCl2 261 - 271 67 - 172
e. 32 wt% CaBr2 282 - 297 37 - 182

xxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: salt composition-reference-
gas. For example: a3 74.7C1/25.3C2 corresponds to the mixed gas (74.7 mol% methane + 25.3 mol%
ethane) hydrate with 12 wt% NaCl data from experimental data introduced in Chapter 6.
bGas composition will be abbreviated as NGxxxxxxxxxxxxxxxxxx
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that is,
�
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II�
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n
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�
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=
� 2

� 1
= � (8.25)

where the subscripts I and II correspond to sI and sII hydrates, respectively; b1 and b2 are constants

used to represent the termnR/ DH diss for sI and sII hydrates, respectively. As the value of water activity

(aw ) is independent of the gas composition (assuming the gases are sparingly soluble in water), its value

is unchanged for the same salt species and concentration. Therefore, the ratio of DT / T0T for sI and sII

is directly related to the ratio of b1 to b2, and as such, a parameter (a) is introduced to correlate the

value of DT / T0T between sI and sII hydrates. Two methods are introduced here to determine the value

of a. The �rst method is based on optimizing the value of a by minimizing the error in the prediction and

measured methane-ethane hydrate phase equilibria (sII hydrates shown in Table 8.25). The second method

is to evaluate the hydrate dissociation heat and hydration number for sII hydrate directly to calculate a from

the ratio of b1 to b2, as shown in Equation 8.25. Oncea is determined, the HLS correlation with parameters

summarized in Table 8.9 can be easily extended to predict sII hydrate suppression temperature from:
�

4 T
T0T

�

II
= �

�
4 T
T0T

�

I
= �

�
C1X + C2X 2 + C3X 3�

(8.26)

Table 8.25: Experimental data from Chapter 6 used to optimize the parameter a in Equation 8.25.

Gas Salt Salt Concentration (wt%) Temperature Range (K) Pressure Range (K)

Methane
NaCl 12, 23 275 - 305 30 - 200
CaCl2 20, 32 250 - 295 20 - 200

Methane/Ethane
(74.7%/25.3%)

NaCl 12, 23 280 - 310 30 - 200
CaCl2 20, 32 260 - 300 30 - 200

8.5.3 Predicted Results for Structure II Hydrate Phase Equilibira in Mixed Salts Systems

As described earlier, a parameter (a) is introduced to simply correlate DT / T0T for sII hydrates to that

for sI hydrates, given by Equation 8.25. Structure II hydrate dissociation temperature for the corresponding

pressure atT 0 can be simply calculated from

T = T0

�
1 + �

�
4 T
T0T

�
T0

� � 1

(8.27)

One method to determinea, denoted as method 1 hereafter, is based on the assumption that the variation

of b2 in Equation 8.25 for di�erent hydrate formers is negligible. In such approach, a can be optimized to

minimize the di�erence of the predicted and experimental data summarized in Table 8.25 by error function

(E ) illustrated below:
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E (� ) =
NX

n =1

(Tpred (� ) � Texp )2 (8.28)

whereT exp and T pred are the measured and predicted sII hydrate dissociation temperature, respectively, for

aqueous solutions with salt. With this method, a is determined to have a value of 0.927. Figure 8.27 shows

the performance of HLS correlation to predict the methane-ethane gas hydrate phase equilibria data, which

are for sII hydrates, in chloride solutions with concentration up to near-saturation. The results show that

the HLS correlation for mixed methane-ethane gas hydrates is as good as that forpure methane hydrate and

much better than PVTsim r .

Figure 8.27: Performance of the HLS correlation witha = 0.927 for sII hydrates: (a) predicted and exper-
imental data for methane (solid) and methane-ethane (hollow) gas hydrateat conditions speci�ed in Ta-
ble 8.25; (b) average absolute deviation of predicted results from both HLS correlation (gray) and PVTsim r

(blue) compared with experimental data for methane (plain �lled patt ern) and methane-ethane (striped �lled
pattern) gas hydrates.
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Method 1 is robust and it gives reliable results by simply correlating sII to sI hydrates. However, the

assumption that b2 is constant for di�erent systems forming sII hydrates could lead to uncertainties due

to the potential variation in the hydrate dissociation heat and hydration number depending on the hydrate

formers. Therefore, another method, denoted as method 2, can be applied to calculate a by evaluating b2

if reliable estimates for the hydrate dissociation heat and hydration number are available at the conditions

of interest. Typically, the hydrate dissociation heat can either be measured (e.g., di�erential scanning

calorimetry [63, 164]) or calculated from the Clausius-Clapeyron equation [63,91, 92] applied to phase

equilibria data. The hydration number, which is more di�cult to obt ain, can be estimated through the

van der Waals and Platteeuw model [20], molecular simulation [96], and Raman spectroscopy [165]. For

illustration, a for mixed methane-ethane gas (74.7/25.3 mol% C1/C2) and methane-carbon dioxide-propane

gas (78/20/2 mol% C1/CO2/C3) are calculated. The hydrate dissociation heat for a given system can be

estimated by the Clausius-Clapeyron equation[90] with experimentalor predicted hydrate phase equilibrium

in fresh water:

d ln P
d (1=T)

= �
4 Hdiss

zR
(8.29)

where z is the compressibility factor,P and T are hydrate dissociation pressure and temperature in fresh

water, respectively, andR is gas constant. Figure 8.28 shows the hydrate phase equilibria for methane-ethane

(predicted with PVTsim r ) and methane-carbon dioxide-propane (experimental data) in fresh water. The

slope of the line obtained from linear regression (dash lines) of the datain Figure 8.28 represent the left

side of the Clausius-Clapeyron equation. Therefore, with the estimate of the compressibility factor at the

intermediate conditions in term of pressure and temperature by Soave-Redlich-Kwong equation of state, the

hydrate dissociation heat can be calculated, as shown in Table 8.26. In order to determine the parameter a,

it is of great importance to evaluate the hydration number for each systemreliably. The hydration number

for the system containing 74.7/25.3 mol% methane/ethane was measured from Ramanspectroscopy [165],

while the van der Waals and Platteeuw model [20] can be used to predict the hydration number for the

78/20/2 methane/carbon dioxide/propane gas mixture. The determined hydration number for these two

systems are also included in Table 8.26.

Table 8.26: Quantities to determine the parametera through method 2.

Gas Composition Slope z DH diss (kJ/mol) n a
74.7/ 25.3 C1/C2 9.309 0.835 68.176 7.000 0.936

78/20/2 C1/CO2/C3 9.818 0.906 70.132 6.484 0.843

142



Figure 8.28: Predicted methane-ethane (74.7/25.3 mol% C1/C2) hydrate phase equilibria from PVTsim r

(P ) and experimental methane-carbon dioxide-propane (78/20/2 mol% C1/CO2/C3) hydrate dissociation
conditions from Bishnoi et al. [51] ( ) in fresh water. The dash lines represent linear regression �ttedto
hydrate phase equilibrium points.

The parameter (a) estimated by method 2 are compared with the value of 0.927 from method 1, asshown

in Table 8.27. Figure 8.29 shows the average absolute deviation of the HLS correlation to experimental

data based on thea estimated by both methods. Figure 8.29 demonstrates that the HLS correlation with

a calculated from the two methods provide reliable predictions of sII hydrate phase equilibria in saline

systems, especially at high pressures, with deviations smaller than 1.5 K. Method 2 can provide more

accurate predictions if the hydrate dissociation heat and the hydration number can be precisely measured

or estimated. However, in practice, most methods used to determine the hydration number are based on

many assumptions and the results can be inconsistent [90]. Moreover, the Clausius-Clapeyron equation,

which is widely applied to determine the hydrate dissociation heat over a range of conditions, becomes

unreliable at pressure higher than 80 MPa, since at high pressure, thehydrate dissociation heat is no longer

weakly dependent on temperature as discussed in Chapter 5. In addition, the value of � (4 T=T0T) T0 in

the denominator of Equation 8.27 is in the order of 10� 3 to 10� 2, having a relatively small, but important,

contribution to denominator. As such, the variation in a will not lead to large changes in the predicted

results with the HLS correlation, as shown in Figure 8.29. Therefore, for simplicity, our recommendation

is to use method 1 with a = 0.927 to account for the hydrate structure (from sI to sII) on the hydr ate

suppression temperature.

143



To better evaluate the accuracy and reliability of the HLS correlation for sII hydrates, the average

absolute deviation between experimental data and predicted results for propane and natural gas hydrate

phase equilibria in saline solutions are calculated and summarized in Figure 8.30. Figure 8.30(a) shows the

performance of the HLS correlation to predict propane hydrate phase equilibria, with a = 0.927. Although

the average absolute deviation for the HLS correlation is a little larger than that for PVTsim r , as a general

correlation, available for any mixed gas in any mixed salts system, it still shows reasonable and reliable

prediction with acceptable deviation compared with experimental data. Moreover, the HLS correlation also

reliably predicts sII hydrate phase equilibria for systems in presence of mixed gases with maximum deviation

of 1.5 K, while PVTsim r fails to provide results for systems containing salt species that are not included in

their database to perform calculations, as illustrated in Figure 8.30(b).

Table 8.27: Values ofa calculated from methods 1 and 2 for gas mixtures forming sII hydrates.

Gas Composition a (method 1) a (method 2)
74.7/25.3 mol% C1/C2

0.927
0.936

78/20/2 mol% C1/CO2/ C3 0.843

8.6 Hu-Lee-Sum Correlation for Hydrate Suppression Temperature of Mixe d Organic In-
hibitors and Salts Systems

The thermodynamic hydrate inhibitors (THIs) are most widely applie d as e�cient method of hydrate

prevention and remediation. The selection of hydrate inhibitor type is of great importance in oil and gas

�eld. They should be completely soluble in water, easily recyclable from water, de�nitely unavailable to

react with components present in the gas stream, and in
ammable, as wellas maintain low vapor pressure

to avoid chemical waste [166]. Based on these criterions, the organic inhibitors, such as methanol (MeOH)

and monoethylene glycol (MEG), soluble in water are practically used asTHIs to prevent hydrate formation

by shifting hydrate phase boundary to higher pressure and lower temperature due to its hydrogen bonding

with water molecules. Besides organic inhibitor injected to 
owlines, petroleum production is commonly

associated with producing saline formation water [39]. The major electrolytes present in seawater and

produced water are mixed salts containing Na+, K+, Ca2+, Mg2+, Ba2+, Br-, Cl -, SO42-, etc [161].

Furthermore, electrolytes are principle components in water-based drilling and completion 
uids. Salts are

also referred as THIs, naturally occurring in water, because of its inherent ability to move hydrate stability

zone to higher pressure and lower temperature through its strong electrostatic force with water molecules

[90]. Therefore, the study of hydrate suppression temperature in the solutions with mixed organic inhibitors

and salts are crucial to the oil and gas hydrate management strategy for deepwater development, and as

such, the HLS correlation is further improved to estimate hydrate suppression temperature in mixed organic
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Figure 8.29: Average absolute deviation for the HLS correlation witha calculated from method 1 (solid gray)
and method 2 (gray stripe �lled pattern), and PVTsim r (blue) for the experimental data in Table 8.24 of (a)
mixed methane-ethane hydrate phase equilibria from Chapter 6, and (b) methane-carbon dioxide-propane
hydrate phase equilibria from Bishnoi et al. [51] in saline solutions.
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Figure 8.30: Average absolute deviation for the HLS correlation (gray) and PVTsimr (blue) compared with
experimental data in mixed salts systems for (a) propane hydrate phaseequilibria (1: a-1-C3, 2: b-1-C3, 3:
a-2-C3, 4: b-2-C3, 5: c-2-C3, 6: d-2-C3) and (b) natural gas hydrate phase equilibria (1: a-3-NG, 2: b-3-NG,
3: c-3-NG, 4: d-3-NG, 5: d-3-NG). The symbol9 indicates that the method fails to estimate the hydrate
phase equilibrium at those conditions.
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inhibitors and salts solution at wide range of pressure.

8.6.1 Summary of Measured Data Used for Development and Validation of Hu-Lee -Sum
Correlation

The collected measured data of methane hydrate phase equilibria with MeOH and MEG in Table 8.28 and

Table 8.29, respectively, covering wide range of concentration, are used to improve the HLS correlation for

wider application, in terms of mixed salts and organic inhibitors. Table 8.30 summarizes available literature

data of methane hydrate dissociation conditions in aqueous solutions in presence of both salts and organic

inhibitors which are used to evaluate and validate the performance of HLS correlation for complicated systems

containing organic inhibitors.

Table 8.28: Collection of literature studies reporting methane hydratephase equilibria with methonal.

Referencesa
Organic Inhibitor

Concentration
(wt%)

Temperature
Range (K)

Pressure Range
(MPa)

1. Sarvtas et al.,1992[146]
5.44 270 - 297 2 - 51
20.01 261 - 286 2 - 38

2. Ng et al.,1983[167]
10 266 - 287 2 - 20
20 263 - 280 2 - 19

3. Haghighi et al.,2009[168]

10 274 - 288 4 - 20
20 266 - 282 3 - 20
30 261 - 275 3 - 19
40 263 - 272 11 - 33
50 241 - 260 2 - 21
60 239 - 253 4 - 34

4. Mohammadi et al.,2010 [169]

4.2 272 - 286 2 - 11
10 268 - 282 2 - 10
20 264 - 277 2 - 11
35 254 - 266 2 - 10
50 244 - 255 3 - 11

xxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: organic

inhibitor-#-conc-gas. For example: MeOH-1-5.44-C1 corresponds to the methane hydrate data with 5.44
wt% methonal from Sarvtas et al.,1992.

8.6.2 Temperature Dependence

In HLS correlation, it is found that the value of DT / T0T for hydrate with saline solutions is nearly

independent of temperature T. In order to better assess the dependence ofDT / T0T for hydrate with

organic inhibitors on temperature, literature data for methane hydrate with MeOH and MEG in Table 8.28

and Table 8.29, respectively, are plotted in the form ofDT / T0T versus hydrate dissociation temperature in

Figure 8.31. It is obvious that hydrate with organic inhibitor also obey the key �nding in HLS correlation

that value of DT / T0T is independent of temperatureT in Figure 8.31. Furthermore, the literature data
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Table 8.29: Collection of literature studies reporting methane hydratephase equilibria with monoethylene
glycol.

Referencea
Organic Inhibitor

Concentration
(wt%)

Temperature
Range (K)

Pressure Range
(MPa)

1. Robinson et al.,1986 [170]
10 270 - 288 2 - 16
30 267 - 280 3 - 17
50 263 - 267 9 - 15

2. Haghighi et al.,2009 [171]

10 279 - 294 6 - 38
20 277 - 290 7 - 30
30 273 - 285 6 - 32
40 264 - 280 5 - 32
50 265 - 272 12 - 31

3. Chapoy et al.,2010 [172]

50 255 - 269 4 - 20
60 243 - 258 3 - 20
65 241 - 251 4 - 19
70 233 - 242 4 - 16
90 244 - 246 6 - 18

4. Mohammadi et al.,2010 [169]

6.9 271 - 285 2 - 11
10 271 - 284 2 - 10
35 268 - 275 5 - 11
50 258 - 264 5 - 11

5. Mohammadi et al.,2011 [173] 65 247 - 251 10 { 19
xxxxxxxxxxxxxxxxxxxx

a In the remainder of the paper, a particular reference will be citedabbreviated as: organic
inhibitor-#-conc-gas. For example: MEG-1-10-C1 corresponds to the methane hydrate data with 10 wt%

monoethylene glycol from Robinson et al.,1986.
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Table 8.30: Collection of literature studies reporting methane hydratephase equilibria for mixed organic
inhibitor and salt solutions.

Referencea Salt Compositionb Temperature
Range (K)

Pressure
Range
(MPa)

1. Jager et al., 2002 [37]

a. 6.20 wt% NaCl + 9.48 wt% MeOH 276 - 293 7 - 68
b. 6.20 wt% NaCl + 19.07 wt %

MeOH
270 - 288 7 - 70

c. 6.22 wt% NaCl + 28.69 wt % MeOH 264 - 280 7 - 65
d. 6.20 wt% NaCl + 38.47 wt% MeOH 260 - 273 13 - 67
e. 11.91 wt% NaCl + 8.94 wt% MeOH 274 - 290 9 - 71

2. Eichholz et al., 2004 [38]

a. 4.00 wt% NaCl + 5.77 wt % MEG 271 - 278 2 - 6
b. 4.45 wt% NaCl + 15.36 wt % MEG 267 - 280 2 - 10
c. 4.95 wt% NaCl + 23.88 wt % MEG 262 - 276 2 - 10
d. 16.30 wt% NaCl + 3.77 wt % MEG 264 - 273 2 - 7
e. 17.00 wt% NaCl + 12.07 wt % MEG 263 - 271 3 - 8

3. Masoudi et al., 2004 [39]

a. 19.06 wt% NaCl + 21.30 wt %
MEG

262 - 278 5 - 47

b. 17.34 wt% NaCl + 30.80 wt %
MEG

262 - 276 6 - 47

c. 12.99 wt% KCl + 23.00 wt % MEG 265 - 284 4 - 45
d. 12.31 wt% KCl + 35.00 wt % MEG 259 - 278 3 - 46

4. Najibi et al., 2009 [34]

a. 4.29 wt% NaCl + 30.00 wt %
MeOH

269 - 275 7 - 29

b. 7.69 wt% KCl + 9.00 wt % MeOH 275 - 287 7 - 29
c. 11.63 wt% CaCl2 + 14.00 wt %

MeOH
274 - 281 11 - 26

d. 9.14 wt% NaCl + 9.20 wt % MeOH 273 - 284 7 - 27
e. 4.29 wt% NaCl + 30.00 wt % MEG 271 - 280 7 - 21
f. 9.09 wt% CaCl2 + 12.00 wt % MEG 271 - 287 4 - 25

5. Lafond et al., 2012 [77]
a. 3.5 wt% NaCl + 5.0 wt% MeOH 279 - 288 7 - 20
b. 3.5 wt% NaCl + 10.0 wt% MeOH 276 - 286 7 - 20

6. Exp. Data (Chapter 6) a. 20 wt% CaBr2+ 20 wt% MEG 287 - 298 63 - 174
xxxxxxxxxxxxxxxxxxxx
a In the remainder of the paper, a particular reference will be citedabbreviated as: THIs composition-
reference-gas. For example: a-1-C1 corresponds to the methane hydratedata with 6.20 wt% NaCl + 9.48
wt% MeOH from Jager et al., 2002.
b For THIs composition, the salt concentration is based on water, while organicinhibitor concentration is
calculated corresponding to aqueous solution with salt.
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of methane hydrate phase equilibria with 90 wt% MEG from Chapoy et al.[172] show a strong dependence

of DT/T0T on temperature, which indicates the inaccuracy and unreliabili ty of the measured data, and as

such this dataset is not included to improve and evaluate HLS correlation. The average values ofDT / T0T

for each system are summarized in Table 8.31 - Table 8.32.

Table 8.31: Average value ofDT / T0T for methane hydrate in MeOH systems.

Organic Inhibitor Concentration (wt%) Average DT/T0T (K � 1)
4.2 2.16090E-5
5.44 2.73886E-5
10 6.11543E-5
20 1.25680E-4
30 2.12421E-4
35 2.74388E-4
40 3.07691E-4
50 4.40167E-4
60 5.80174E-4

Table 8.32: Average value ofDT / T0T for methane hydrate in MEG systems.

Organic Inhibitor Concentration (wt%) Average DT / T0T (K � 1)
6.9 2.37436E-5
10 2.78499E-5
20 6.91836E-5
30 1.25192E-4
35 1.55431E-4
40 1.97635E-4
50 3.01647E-4
60 4.63982E-4
65 5.50829E-4
70 6.83393E-4

8.6.3 Organic Inhibitor Species and Concentration Dependence

In Sections 8.4 to 8.5 , with the introduction of e�ective mole fracti on, a universal polynomial curve,

called HLS correlation, is successfully developed to relate the wateractivity to the salt concentration. Here,

the average value ofDT / T0T for methane hydrate in each system with MeOH/MEG is plotted versus the

mole fraction of organic inhibitor in Figure 8.32. Similar to the results for saline solutions, data for each

organic inhibitor converge to a curve, which is also simply �t to a polynomial regression relating the value

of DT / T0T to organic inhibitor mole fraction, given by

4 T
T0T

= � � ln aw = C1X + C2X 2 + C3X 3 (8.30)
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Figure 8.31: Relationship betweenDT / T0T and temperature T for methane hydrate (a) in MeOH sys-
tems for data from MeOH-1-5.44-C1 (P -dark yellow), MeOH-1-20.01-C1 (P -red), MeOH-2-10-C1 (a -blue),
MeOH-2-20-C1 (a -red), MeOH-3-10-C1 (c -blue), MeOH-3-20-C1 (c -red), MeOH-3-30-C1 (c -dark blue),
MeOH-3-40-C1 (c -green), MeOH-3-50-C1 (c -black), MeOH-3-60-C1 (c -orange), MeOH-4-4.2-C1 ( -dark
yellow), MeOH-4-10-C1 ( -blue), MeOH-4-20-C1 ( -red), MeOH-4-35-C1 ( -brown), MeOH-4-50-C1 ( -
black); (b) in MEG systems for data from MEG-1-10-C1 (a -blue), MEG-1-30-C1 (a -purple), MEG-1-50-C1
(a -orange), MEG-2-10-C1 (f -blue), MEG-2-20-C1 (f -green), MEG-2-30-C1 (f -purple), MEG-2-40-C1
(f -dark yellow), MEG-2-50-C1 (f -orange), MEG-3-50-C1 (8 -orange), MEG-3-60-C1 (8 -gray), MEG-
3-65-C1 (8 -brown), MEG-3-70-C1 (8 -dark cyan), MEG-3-90-C1 (8 - dark blue), MEG-4-6.9-C1 ( -red),
MEG-4-10-C1 ( -blue), MEG-4-35-C1 ( -black), MEG-4-50-C1 ( -orange), MEG-5-65-C1 (P -brown). The
dash lines correspond to the best �t constant value.
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where the coe�cients C 1, C 2, and C 3 are given in Table 8.33. This equation can extend the Hu-Lee-Sum

correlation for the estimation of hydrate suppression temperature in presence of organic inhibitors with the

correct limiting behavior, that is, the hydrate suppression temperature approach zero as no inhibitors are

added to the solution.

Table 8.33: Parameters for the Hu-Lee-Sum correlation relating the water activity to the e�ective mole
fraction and mole fraction for salts and organic inhibitors, respectively, in Equation 8.30.

Parameters C 1 C 2 C 3 R2

Salt 9.681� 10� 4 -2.971� 10� 3 3.395� 10� 2 0.998
MeOH 9.843� 10� 4 6.324� 10� 4 0 0.999
MEG 9.117� 10� 4 2.020� 10� 3 0 0.999

Figure 8.32: Universal curve for methane hydrate with MeOH (P ) and MEG (  ) relating the organic
inhibitor concentration, in terms of mole fraction, to the average value of DT / T0T (= blnaw ). Dash lines
are the �tted polynomial line of data given by Equation 8.30.

8.6.4 Application of Hu-Lee-Sum Correlation for Mixed Salts and Organic Inh ibitors Solu-
tions

Since the universal polynomial curves are developed in HLS correlation to estimate the hydrate suppres-

sion temperature for salts and organic inhibitors, separately, it is necessary to extend the application of

HLS correlation in aqueous solutions containing both salts and organic inhibitors. In these solutions, the

Equation 8.18 could be rewritten with the assumption that the interact ion between organic inhibitor and

salt in aqueous solution is neglectable:
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4 T
T0T

= �
nR

4 Hdiss

�
ln asalt

w + ln aOI
w

�
=

�
4 Tsalt

T0Tsalt

�
+

�
4 TOI

Tsalt T

�
(8.31)

where the water activity is calculated by combining the organic inhibitor term aOI
w and electrolyte contribu-

tion asalt
w . The �rst term on the right side of Equation 8.31 can be obtained through the universal curve in

Equation 8.30 with parameters for salt in Table 8.33, from which the hydrate dissociation temperature in

saline solution (T salt ) is determined by following equation:

Tsalt =
T0

1 +
�

4 Tsalt
T0 Tsalt

�
T0

(8.32)

Finally, the hydrate dissociation temperature (T ) can be calculated with saline solution (T salt ) and value

of (DT OI / T salt T ) obtained by Equation 8.31 with parameters for organic inhibitor (MeOH/MEG) :

T =
Tsalt

1 +
�

4 TOI
Tsalt T

�
Tsalt

(8.33)

With development of the HLS correlation, it can be extended to the application of predicting hydrate suppres-

sion temperature with systems in presence of both organic inhibitorsand salts, which is a key improvement

for 
ow assurance strategy.

8.6.5 Predicted Results for Hydrate Phase Equilibira in Organic Inhi bitors Systems

The HLS correlation is improved for the application of estimating hydrate suppression temperature in

the systems containing organic inhibitors, simultaneously, maintaining the unique property of generality and

simplicity. The literature data collected in Table 8.28 and Table 8.29 are used to evaluate the performance

of HLS correaltion to predict hydrate suppression temperature with organic inhibitors. The polynomial

regression in Figure 8.6 is used to calculate the hydrate dissociationtemperature (T 0) at given pressure.

Figure 8.33 and Figure 8.34 compares predicted results from HLS correlation for hydrate phase equilibria in

the systems with MeOH and MEG, respectively, with measured data.It demonstrates that the predictions

from HLS correlation show good agreement with experimental results for awide range of concentration up to

70 wt%, which approves the reliability of HLS correlation for estimation of hydrate suppression temperature

with organic inhibitors.

To better evaluate the performance and reliability of HLS correaltion, its prediction is compared with

commonly used prediction tool PVTsim
r

by average absolute deviation (AAD) shown in Figure 8.35 and

Figure 8.36. It is obvious that prediction from PVTsim
r

becomes unavailable with deviation larger than 2

K as organic inhibitor concentration increases, while HLS correlation keepits accuracy and reliability with

the increase of inhibitor amount additive to aqueous solution.
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Figure 8.33: Predicted results from HLS correlation (|) and experimental d ata for methane hydrate in
MeOH aqueous solutions with concentration (a) lower than 20 wt%: MeOH-1-5.44-C1 (P -dark yellow),
MeOH-1-20.01-C1 (P -red), MeOH-2-10-C1 (a -blue), MeOH-2-20-C1 (a -red), MeOH-3-10-C1 (c -blue),
MeOH-3-20-C1 (c -red), MeOH-4-4.2-C1 ( -dark yellow), MeOH-4-10-C1 ( -blue), MeOH-4-20-C1; (b)
higher than 20 wt%: MeOH-3-30-C1 (c -dark blue), MeOH-3-40-C1 (c -green), MeOH-3-50-C1 (c -black),
MeOH-3-60-C1 (c -orange), MeOH-4-35-C1 ( -brown), MeOH-4-50-C1 ( -black).
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Figure 8.34: Predicted results from HLS correlation (|) and experimental d ata for methane hydrate in
MEG aqueous solutions with concentration (a) lower than 20 wt%: MEG-1-10-C1 (a -blue), MEG-2-10-
C1 (f -blue), MEG-2-20-C1 (f -green), MEG-4-6.9-C1 ( -red), MEG-4-10-C1 ( -blue; (b) higher than
20 wt%: MEG-1-30-C1 (a -purple), MEG-1-50-C1 (a -orange), MEG-2-30-C1 (f -purple), MEG-2-40-C1
(f -dark yellow), MEG-2-50-C1 (f -orange), MEG-3-50-C1 (8 -orange), MEG-3-60-C1 (8 -gray), MEG-3-
65-C1 (8 -brown), MEG-3-70-C1 (8 -dark cyan), MEG-3-90-C1 (8 - dark blue), MEG-4-35-C1 ( -black),
MEG-4-50-C1 ( -orange), MEG-5-65-C1 (P -brown).
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Figure 8.35: Average absolute deviation of HLS correlation (gray) and PVTsim
r

(blue) compared with
experimental data of methane hydrate phase equilibria with MeOH: 1. MeOH-1-5.44-C1, 2. MeOH-1-
20.01-C1, 3. MeOH-2-10-C1, 4. MeOH-2-20-C1, 5. MeOH-3-10-C1, 6. MeOH-3-20-C1, 7. MeOH-3-30-C1,
8. MeOH-3-40-C1, 9. MeOH-3-50-C1, 10. MeOH-3-60-C1, 11. MeOH-4-4.2-C1, 12. MeOH-4-10-C1, 13.
MeOH-4-20-C1, 14. MeOH-4-35-C1, 15. MeOH-4-50-C1.

Figure 8.36: Average absolute deviation of HLS correlation (gray) and PVTsim
r

(blue) compared with
experimental data of methane hydrate phase equilibria with MEG: 1. MEG-1-10-C1, 2. MEG-1-30-C1,
3. MEG-1-50-C1, 4. MEG-2-10-C1, 5. MEG-2-20-C1, 6. MEG-2-30-C1, 7. MEG-2-40-C1, 8. MEG-2-50-
C1, 9. MEG-3-50-C1, 10. MEG-3-60-C1, 11. MEG-3-65-C1, 12. MEG-3-70-C1, 13. MEG-4-6.9-C1, 14.
MEG-4-10-C1, 15. MEG-4-35-C1, 16. MEG-4-50-C1, 17. MEG-5-65-C1.
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8.6.6 Predicted Results for Hydrate Phase Equilibira in Mixed Salts and Organic Inhibitors
Systems

With the validation of HLS correlation to predict hydrate suppression temperature in organic inhibitors

systems, the measured data in Table 8.30 are used to further assess the performance of HLS correlation

for mixed salts and organic inhibitors systems. Figure 8.37 shows the HLS correlation provide comparably

reliable predictions for most systems with mixed salts and organic inhibitors. However, the measured data

from Masoudi et al. [39] shows little bit larger deviation from predicted results calculated through HLS

correlation, which may potentially result from the fact that interact ion between MEG and salt in aqueous

solution can be unneglectable as concentration increases. PVTsim
r

gives less reliable results as the sys-

tems containing CaCl2or CaBr2probably due to the inaccuracy of water activity model to account for the

contribution of Ca 2+ electrolytes in aqueous solutions like that for single CaCl2 or CaBr2 solutions, while

HLS correlation provides accurate prediction for same systems with deviation smaller than 0.5 K even for

pressure up to 200 MPa. Compared with PVTsim
r

, HLS correlation still can provide comparable prediction

with no limitation of salts species obtained in aqueous solutions.

In order to check the reliability of HLS correlation to predict struct ure II hydrate suppression temperature

in mixed organic inhibitors and salts systems, the experimental dataof methane-ethane hydrate with 20

wt% CaBr2and 20 wt% MEG introduced in Chapter6 are used to compare with predicted results from HLS

correlation. Figure 8.38 shows predicted results from PVTsim
r

and HLS correlation, along with experimental

data for both methane (structure I) and methane-ethane (structure II) hydrate in the system with 20 wt%

CaBr2 and 20 wt% MEG and average absolute deviations are included in Figure 8.39. Itis obvious that

PVTsim
r

fails to provide accurate prediction of hydrate phase equilibria inmixed CaBr2 and MEG system,

especially for structure II hydrate with deviation large than 4 K. In c ontrast, HLS correlation shows reliable

performance for the prediction of both structure I and structure II hydrate dissociation temperature at given

pressure in aqueous solutions containing mixed CaBr2 and MEG, which proves the reliable application of

HLS correlation for both structure I and II hydrate in mixed salts and organic inhibitors systems.

8.7 Developed Prediction Tool with Hu-Lee-Sum (HLS) Correlation

The user-friendly prediction tool has been developed based on HLS correlation for oil and gas industry to

easily and accurately predict hydrate suppression temperature and hydrate phase equilibrium temperature

in any THIs with input of (i) salt concentrations on pure water basis, (ii ) organic inhibitor concentrations

on brine basis, (iii) hydrate structure, (iv) units needed and (vi) corresponding hydrate phase equilibria

conditions (T/P data) for fresh water system as shown in Figure 8.40.
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Figure 8.37: Average absolute deviation of HLS correlation (gray) and PVTsim
r

(blue) compared with
experimental data of methane hydrate phase equilibria in mixed saltand organic inhibitor systems: 1. a-1-
C1, 2. b-1-C1, 3. c-1-C1, 4. d-1-C1, 5. e-1-C1, 6. a-2-C1, 7. b-2-C1, 8. c-2-C1, 9. d-2-C1, 10. e-2-C1, 11.
a-3-C1, 12. b-3-C1, 13. c-3-C1, 14. d-3-C1, 15. a-4-C1, 16. b-4-C1, 17. c-4-C1, 18. d-4-C1, 19. e-4-C1,20.
f-4-C1, 21. a-5-C1, 22. b-5-C1, 23. a-5-C1.

Figure 8.38: Predicted results from PVTsim
r

(solid line) and HLS correlation (dash line), along with experi-
mental data for methane (a ) and methane-ethane ( ) in the system with 20 wt% CaBr2 and 20 wt% MEG
(Chapter 6).
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Figure 8.39: Average absolute deviation of HLS correlation (gray) and PVTsim
r

(blue) compared with
experimental data of for methane and methane-ethane in the system with 20 wt% CaBr2 and 20 wt% MEG.

Figure 8.40: Developed prediction tool based on HLS correlation for prediction of hydrate suppression
temperature and hydrate phase equilibrium temperature in any THIs.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Gas hydrates, or clathrate hydrates, where the water molecules are hydrogen-bonded in the similar

manner that they are bonded in ice, are formed by the inclusion of guest molecules inside cavities formed

by water molecules. For decades, they have received increasing attention due to their wide application in

energy industry, as well as potential risk of accumulating or plugging 
owlines during oil/gas production,

processing and transportation. Moreover, the oil/gas development delving into ultra-deep water poses severe


ow assurance challenges of hydrate formation and scale deposition due to its extreme conditions of high

pressure and salinity. Therefore, it is imperative to study the hydrate formation under extreme conditions

from both thermodynamic and kinetic aspect.

9.1 Summary of Conclusions

Review of literature data and evaluation of current hydrate prediction tools in Chapter 2 demonstrates

the limitation of available data and unreliability of prediction tools f or the conditions considered. Based on

the discussion, there are available data in literature for hydrate phase equilibria with high salinity systems,

but there is no data for these systems at ultra-high pressure (> 103.4 MPa (15,000 psia)). Moreover, the

predicted phase equilibria from existent tools (CSMGem, Multi
ash r , PVTSim r , DBR Hydrate r , and

HydraFLASH r ) becomes unreliable with the increase of both pressure (> 20 MPa (3,000 psia)) and salt

concentration in aqueous solution. Therefore, it is necessary to investigate hydrate formation/dissociation

in saline solutions at very high pressure and use the measured data to benchmark the existing prediction

tools.

The measurements are �rst focused on hydrate phase equilibria containing single salts, including sodium

chloride (NaCl), potassium chloride (KCl), and ammomium chloride (NH4Cl), below 10.3 MPa through

both the high pressure isochoric and di�erential scanning calorimetry (DSC) method in Chapter 4. The

experimental results through these two methods are compared to validate the accuracy and reliability of the

measurements. Based on the experimental data measured, the investigation of hydrate inhibition strength

of di�erent cations (NH 4
+ , K+ , Na+ ) on an equal molar basis is developed. It was identi�ed that among

the salts studied, NaCl shows to be a slightly more e�ective hydrateinhibitor due to its smaller ionic size.

Before the study of hydrate phase equilibria in high salinity, the methane hydrate dissociation condi-

tions with fresh water are measured up to 200 MPa with an experimental apparatus and method discussed

in Chapter 3 to fundamentally understand the hydrate properties. One interesting observation from the
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measured phase equilibrium data in Chapter 5 is the deviation of the data from the trend predicted by the

Clausius-Clapeyron equation for pressures> 80 MPa. In order to investigate the phase properties at high

pressures, the methane hydrate dissociation enthalpy is calculated via the Clapeyron equation and MD sim-

ulations, both showing an increase trend when pressure is above about50 MPa. This increase of about 10%

in the enthalpy of dissociation is signi�cant, and it could greatly impact the process of hydrate dissociation

in terms of time and heat load. The results from both methods explain the increase in the dissociation

enthalpy with increasing pressure, and thus, the increased stability of the hydrate, which is re
ected in the

higher temperature and lower pressure compared to the linear limitof the low-pressure data.

With the fundamental study of hydrate properties in fresh water, a unique system capable up to 207 MPa

is used to further investigate gas hydrate phase equilibrium (Chapter 6) and hydrate growth rate (Chapter

7) at high salt concentrations (near and at saturation in solution) and ultra-hi gh pressure (up to around 200

MPa). The measurements of both structure I and structure II hydrate phase equilibria in single and mixed

salts, including NaCl, KCl, CaCl 2, MgCl2 and CaBr2, as well as mixed organic inhibitor and salt, such as

MEG and CaBr2, are compared through the average absolute deviation in temperature withcommonly used

prediction tools (CSMGem, Multi
ash r , PVTSim r ). They indicate that all predictions increasingly deviate

from the experimental data as salt concentration and pressure increase, especially for CaCl2. Moreover, the

measurements of both three phase (liquid { hydrates { gas) and four-phase (liquid { hydrates { solid salts {

gas) equilibria with under-saturated and over-saturated NaCl and KCl solutions, separately, explain that the

equilibrium boundary moves to lower temperature and higher pressure as the salt concentration increases up

to the limit of saturation in the solution. However, the boundary is unchanged with excess salts beyond the

saturation concentration, corresponding to conditions at quadruple points (liquid { hydrates { solid salts{

gas). Therefore, the measured data are valuable to fundamentally map thephase boundary of hydrates with

salts and to further improve the commonly used hydrate phase equilibrium prediction models.

In addition, in the kinetic experiments for hydrate formation with h igh salinity systems (above saturation

concentration), in
ection points are observed in the pressure traceas a factor of time, which demonstrate

that (i) hydrates can still form even with precipitated salt and (ii) the formation of hydrates and salt

precipitation are competing e�ects. Based on experimental data, a mechanism is proposed to describe the

competing e�ects of hydrate formation and salt precipitation. Supersaturation of the solutions potentially

self-inhibits hydrate formation due to strong electrostatic forcesbetween ions and water, causing the hydrate

formation rate to slow down. As the supersaturation limit is reached, supersaturated solutions eventually

spontaneously crystallize, resulting in an accelerated hydrate formation rate from the increased solid content

(larger surface area) and the availability of water as the solution returnsto the saturation concentration.
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In order to bridge the gap between measured data and its application, a new correlation, called the Hu-

Lee-Sum (HLS) correlation, has been developed to provide reliable and accurate estimation of both structures

I and II hydrate suppression temperature in the presence of eithersingle or mixed thermodynamic hydrate

inhibitors (THIs) by considering the e�ect of inhibitor species, concentration, pressure and hydrate structure.

This correlation has inherent characteristics of simplicity and generality that make it very desirable and

useful to reliably estimate the hydrate suppression temperaturein any THIs. It also exhibits the correct

limiting behavior, that is, the salt concentration approaches zero, the hydrate suppression temperature also

approaches zero. In addition, one of key �ndings in the HLS correlation (that the value of DT / T0T is

independent of temperature) becomes an important criterion to assess the reliability of measured data for

hydrate phase equilibria in inhibited systems.

In summary, both data and correlation in this study not only overcome the existing challenges and

limitations in both measurements and predictions, but also are useful tools for the 
ow assurance engineer

so that better decisions can be made for hydrate management for systems with high salinity brines or mixed

THIs.

9.2 Publications and Presentations from Thesis Work

Chapter 4 presents the measurements of methane hydrate phase equilibria in single salt solution at

pressure below 10.3 MPa. The related publications and presentations are:

ˆ M. Cha, Y. Hu, and A. K. Sum. Methane hydrate phase equilibira for systems containing NaCl, KCl

and NH4Cl. Fluid Phase Equilibira, 413: 2-9, 2016

ˆ M. Cha, Y. Hu, and A. K. Sum, Methane hydrate phase equilibria in the presence ofelectrolytes, 19th

Symposium on Thermophysical Properties, Boulder, CO, USA, 2015

Chapter 5 discusses the stability of methane hydrate along phase boundary up to 200 MPa by both

thermodynamic calculations and molecular simulation. The related publications and presentations are:

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Insight into increased stability of methane hydrates at high pressure

from phase equilibrium data and molecular structure. Fluid Phase Equilibria, 450: 24-29, 2017

Chapter 6 and 7 includes thermodynamic and kinetic experiments for hydrate formation in inhibited

systems. The related publications and presentations are:

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrates phase

equilibria and formation from high concentration NaCl brines up to 200 MPa. Journal of Chemical &

Engineering Data. 62: 1910-1918, 2017
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ˆ Y. Hu, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrate formation from high concentration KCl

brines at ultra-high pressures.Journal of Industrial and Engineering Chemistry, 50: 142-146, 2017

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas hydrates phase

equilibria for structure I and II hydrates with chloride salts at hi gh salt concentrations and up to 200

MPa. The Journal of Chemical Thermodynamics, 117: 27-32, 2018

ˆ Y. Hu, T. Y. Makogon, P. Karanjkar, K. H. Lee, B. R. Lee, and A. K. Sum, Gas Hydrates Phase Equi-

librium with CaBr 2 and CaBr2 + MEG at Ultra-High Pressures. Journal of Natural Gas Engineering,

2: 42 - 49, 2017

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Phase equilibrium data of methane hydrates in mixed brines

solutions, Journal of Natural Gas Science & Engineering, 46: 750 - 755, 2017

ˆ A. K. Sum, B. R. Lee, and Y. Hu, Gas Hydrate Phase Equilibria at Extreme Conditions, 2015 AIChE

Annual Meeting, Salt Lake City, UT, USA, 2015

Chapter 8 introduces developed correlation (Hu-Lee-Sum correlation)to estimate hydrate suppression

temperature in THIs systems. The related publications and presentations:

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Universal correlation for gas hydrates suppression temperature of

inhibited systems: I. Single salts.AIChE Journal , 63: 5111- 5124, 2017

ˆ Y. Hu, B. R. Lee, and A. K. Sum, Universal correlation for gas hydrates suppression temperature of

inhibited systems: II. Mixed salts and Structure Type. AIChE Journal , submitted 2017

ˆ A.K. Sum, and Y. Hu, Prediction of Gas Hydrate Formation Conditions in Brine Systems with the

eNRTL Model, 2017 AIChE Annual Meeting, Minneapolis, MN, USA, 2017

ˆ A. K. Sum, Y. Hu, and B. R. Lee, Measurements and Modeling of Gas Hydrate Formation from High

Salinity Systems, 2016 AIChE Annual Meeting, San Francisco, CA, USA, 2016

9.3 Model Limitations

Previous to this work, most studies of hydrate formation in saline solutions were limited in salt concen-

tration and system pressure. The experimental work performed for this thesis has not only explained that

hydrates could form even in over-saturated salt solutions, but also hasprovided accurate hydrate dissocia-

tion conditions in saline solutions up to saturation with a wide pressure range from 20 to 200 MPa. This

�lls the gap between the measured data and knowledge needed for oil/gas development in ultra-deep water

and contributes to e�cient hydrate management. Moreover, the developed correlation helps operators in
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the oil/gas �eld precisely evaluate the risk of hydrate formation during drilling, completion and production.

However, since this study of hydrate formation at these extreme conditions has been �rst developed, many

improvements in both experimental and modeling are necessary to provide for oil/gas development as the

industry advances to deeper waters with longer pipelines. Even though it is veri�ed that the Hu-Lee-Sum

correlation provides reliable hydrate dissociation conditions in THIs by comparing it with measured data,

some limitations still exist:

ˆ The predictions of hydrate suppression temperature in THIs from the Hu-Lee-Sum correlation are

benchmarked up to 200 MPa. However, the reliability of the Hu-Lee-Sum correlation for the estimation

of hydrate suppression temperature above 200 MPa can not be guaranteed dueto lack of available

experimental data.

ˆ In the Hu-Lee-Sum correlation, the change of solubility of acid gas, such as CO2, in aqueous solutions

with a salt addition to the solution are assumed to be negligible. The correlation with this assumption

accurately predict acid gas hydrate suppression temperature in saltsby comparing the experimental

and predicted results of CO2 hydrate phase equilibria in single salt solutions, including NaCl, KCl,

CaCl2and MgCl2. However, it is unknown whether the reliability of prediction fr om Hu-Lee-Sum

correlation remains as salt concentration and pressure increase, sincethe experimental data available

is limited to salt molality lower than 4.3 mol/kg solvent and pressure below 40 MPa.

ˆ The Hu-Lee-Sum correlation is not validated for the prediction of hydrate suppression temperature

with sour gas, such as H2S.

9.3.1 Improvements to Experiments

1. It is helpful to measure the change of salinity in the pressure cell with temperature/pressure decreases

and hydrate formation by the installation of a conductivity meter for kin etic experiments to quantify

the competition between hydrate formation and salt precipitation. However, due to the limitation

of available ports on the lids of the current pressure cell, the installation of a conductivity meter

can't be realized in this study. Therefore, the design of a new pressure cell is recommended with the

installation of a conductivity meter, as well as the consideration of safety issues related to very high

system pressure.

2. It is found that the hydrate formation rate is relatively slow in the s ystem containing 32 wt% CaCl2

even with more than 15 K subcooling compared with systems containing other chloride solutions. This

may potentially result from the high viscosity of a CaCl2 solution in lower temperature. It suggests

the high viscosity of 
uid may hinder hydrate formation which is essential for strategies of hydrate
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management in high salinity systems. It deserves further study at low temperature by a rheometer

to test the viscosity of solution, and by an autoclave with window to observe the process of hydrate

formation.

3. In this study, only one set of measured data for structure I and II hydrate phase equilibria in mixed

CaBr2 and MEG system are reported. Measurements of hydrate stability conditions with mixed

THIs are needed for the improvements and validation of existent prediction methods and correlation

developed in this thesis.

4. It is recommended to perform measurements of CO2 hydrate phase equilibria in salt solutions with

concentration up to saturation through ultra-high pressure apparatus. It could help to check the change

of solubility of CO 2 in aqueous solutions as salt concentration and pressure increase.

9.3.2 Improvements to Predictions

1. In the Hu-Lee-Sum correlation, a universal curve is used to correlate water activity with solution

concentration for any salt, which indicates the water activity could be calculated through a universal

polynomial curve with the information of e�ective mole fraction for salts , and as such, it means this

correlation could be applied to not only predict hydrate suppression temperature but also estimate

freezing point depression. This could help to extend the application of the Hu-Lee-Sum correlation.

2. It would be great to check the availability of the Hu-Lee-Sum correlation for the prediction of sour gas

(H2S) hydrate suppression temperature in various THIs to extend the application of the Hu-Lee-Sum

correlation.

3. As this stage, the Hu-Lee-Sum correlation obtains two polynomial curve torelate the value ofDT / T 0T

with mole fraction of MeOH and MEG, separately. It is suggested to improve the Hu-Lee-Sum cor-

relation to create one universal curve for all organic inhibitors like that for salts by considering the

e�ect of structure and functional group on hydrate inhibition strength , which could further simplify

the Hu-Lee-Sum correlation.

4. The hydrate suppression temperature with addition of THIs could be also estimated by calculating

water activity with the developed model, such as eNRTL, eUNIFAC and eUNIQUAC. This alternative

method is recommended to be developed to compare with the Hu-Lee-Sum correlation.
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APPENDIX

COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS (SINGLE SALT)

Figure A.1 to Figure A.3 show the predicted and experimental results for methane hydrate phase equilibria

containing single salt, including NaCl, KCl and CaCl2, separately. In order to check the accuracy of predicted

results from CSMGem and PVTSimr , the average absolute deviation (AAD ) in temperature are calculated

by the equation shown below:

AAD =
1
n

nX

i =1

(Texp � Tpred ) (A.1)

where n is the number of equilibrium data points, Texp is the measured hydrate phase equilibrium temper-

ature from DSC method, considering as the baseline,Tpred is the predicted methane hydrate equilibrium

temperature in the salinity system from CSMGem and PVTSimr . Figure A.1(b) shows theAAD in temper-

ature for the system with 5.44 wt% NaCl are 0.084 K and 0.078 K for CSMGem and PVTSimr , respectively,

and for 10.83 wt% NaCl are 0.281 K and 0.425 K for CSMGem and PVTSimr , respectively. These results

imply that the thermodynamic modeling of both CSMGem and PVTSim r work better for the system with

relatively low concentration of NaCl, when compared with the system with higher content of NaCl in the

solutions. Figure A.2(b) includes the results that the AAD in temperature for the system with 6.83 wt%

KCl are 0.177 K and 0.046 K for CSMGem and PVTSimr , respectively, and for the 13.41 wt% KCl are

0.142 K and 0.114 K for CSMGem and PVTSimr , respectively, representing the agreement between the

measured data and predicted results. The predicted results with CaCl2 in terms of AAD in temperature

doesn't perform as well as that with NaCl and KCl, as shown in Figure A.3(b). The AAD in temperature

for the system with 5.31 wt% CaCl2 are 0.344 K and 0.271 K for CSMGem and PVTSimr , respectively,

and for the 7.14 wt% CaCl2 are 0.188 K and 0.108 K for CSMGem and PVTSimr , respectively. CSMGem

applied Bromley activity model, which doesn't �t well with the b ehavior of CaCl2 in the solution, to the

calculation of chemical potential of aqueous phase, thus leading to the large deviation from the experimental

results. To sum up, the predicted results from both CSMGem and PVTSimr have smaller deviation from

the experimental results for the system with lower concentrationof salts (~5 wt%). Moreover, compared

the AAD in temperature for both prediction tools, PVTSim r produce more reliable prediction for hydrate

phase equilibrium conditions with single salt than CSMGem.
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(a) (b)

Figure A.1: (a) Methane hydrate phase equilibria in the presence of NaClfor 5.44 wt% ( ) and 10.83 wt%
(P ) by DSC method. Solid black lines indicate the prediction results for CH4 hydrate with pure water
with CSMGem. Dash black lines indicate the prediction results forCH4 hydrate with 5.44 and 10.83 wt%
NaCl with CSMGem. Dash blue lines indicate the prediction resultsfor CH4 hydrate with 5.44 and 10.83
wt% NaCl with PVTSim r . (b) Average absolute deviation (AAD ) in temperature calculated from both
CSMGem (black bar) and PVTSimr (blue bar) prediction.

(a) (b)

Figure A.2: (a) Methane hydrate phase equilibria in the presence of KCl for 6.83 wt% ( ) and 13.41 wt%
(P ) by DSC method. Solid black lines indicate the prediction results for CH4 hydrate with pure water with
CSMGem. Dash black lines indicate the prediction results for CH4 hydrate with 6.83 and 13.41 wt% KCl
with CSMGem. Dash blue lines indicate the prediction results forCH4 hydrate with 6.83 and 13.41 wt%
KCl with PVTSim r . (b) Average absolute deviation (AAD ) in temperature calculated from both CSMGem
(black bar) and PVTSim r (blue bar) prediction.
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(a) (b)

Figure A.3: (a) Methane hydrate phase equilibria in the presence of CaCl2 for 5.31 wt% ( ) and 7.14 wt%
(P ) by DSC method. Solid black lines indicate the prediction results for CH4 hydrate with pure water
with CSMGem. Dash black lines indicate the prediction results forCH4 hydrate with 5.31 and 7.14 wt%
CaCl2 with CSMGem. Dash blue lines indicate the prediction results forCH4 hydrate with 5.31 and 7.14
wt% CaCl2 with PVTSim r . (b) Average absolute deviation (AAD ) in temperature calculated from both
CSMGem (black bar) and PVTSimr (blue bar) prediction.
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